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PREFACE

One of the keys to the future of telecommunications companies will be based on their ability to
provide new broadband services to both the business community and the residential customer. These
new services include: the transport of NTSC video, Enhanced Quality Television (EQTV), High
Definition Television (HDTV), switched video high data rate file transfers, information retrieval,
animated graphics, in addition to being an interconnect for diskless workstations and Local Area
Networks(Meuropolitan Area Networks (LAN/MAN). With these new services will come the need
for the equivalent of a broadband switching office. Such a system could require the capability of
supporting in excess of 10,000 users with broadband channel bit-rates exceeding 100 Mb/s. This
implies a switching fabric whose aggregate bit-rate could be greater than I terabit per second (TIs).
This fabric, or collection of different fabrics, could have to support both the conventional circuit
switching capabilities as they currently exist on the network, in addition to controlling packet
services such as ATM cells embedded in SONET streams of data at per port costs similar to existing
POTS. The hope of photonic systems is that, through the application of either the temporal or spatial
bandwidth available in the photonic domain, the new architectures and fabrics that are conceived,
these broadband systems and services be economically realized.

Research in photonic switching fabrics can be categorized as systems based on either guided-
wave optics or free-space optics. Typically, guided-wave optics have been concerned with the
application of optical fiber and the utilization of the large temporal bandwidth available in
guided-wave structures such as optical fiber, star couplers, directional couplers, etc. This optical
transparency provides large bandwidth analog channels that can be used to transport many channels
of digital information. As an example, current single-mode optical fiber supports approximately 25
THz of communications bandwidth around the 1.5 pm wavelength region. This offers the opportu-
nity of multiplexing many users, through either time-division or spectral-division, onto a single-
mode fiber thus reducing the cost per user of the required system hardware. Thus, researchers have
pursued both time based switching fabrics (photonic time-slot interchangers and multiple access
schemes such as time-division multiple access and code-division multiple access), and wavelength
based fabrics (wavelength interchangers and both wavelength-division multiple access and spectral
code-division multiple access). Arguments for guided-wave optics include:

• Evolves naturally from todays electrical technology since it can integrate directly

with electrical transmission lines.

* Builds on the existing fiber base present in the telecommunications network.

" Many guided-wave optically transparent devices have been demonstrated in the
laboratory.

xl



* Supports optically transparent switching fabrics.

" The technology is more developed and better understood than the free-space
technology.

Free-space optics, on the other hand, has been more concerned with using the available spatial
bandwidth to increase the intrasystem connectivity and reduce the limiting effects of buses, low
pin-out integrated circuits (IC), low pin-out printed circuit boards, and low pin-out multi-chip
modules. This approach is more concerned with extending the life of the electronics technology
through the use of optical pin-outs and/or interconnects than replacing it. This new technology could
be an important aid to the electronics technology since many of the high performance, high density
integrated circuits are pin-out limited. This pin-out limitation forces unnatural system partitioning
and limits architectural considerations in both computing and switching systems. Although there
has been considerable progress in electronic packaging, such as C4 (flip-chip) and TAB bonding
techniques, using "light" as a communications medium may be preferred because "light" has been
shown to be energy efficient when the distance between communicating elements is greater than 1
mm. Work in this research area ranges from PCB-to-PCB interconnects to gate-to-gate intercon-
nection of optical logic gates.

Research in free-space optics has been focused on multi-stage space-division switching fabrics,
particularly large dimensional fabrics, where the need for a large number of connections is evident
The experimental work done to date has used S-SEED arrays as the switching nodes in the network
with bulk optical elements providing the optical interconnects required by the multi-stage networks.
Other proposed switching nodes for these fabrics include other optical logic gates, such as optical
logic italons (OLE), double heterostructure optoelectronic switches (DOES), vertical surface
transmission electro-photonic (VSTEP) device arrays, or 2-D arrays of "smart pixels" in which the
functionality of many nodes are integrated onto a single electronic IC. Due to the potential large
scale integration of the switching nodes on each array (up to 10 nodes per array) this approach
should eventually reduce the hardware cost of such a fabric in addition to providing the capability
of implementing a large dimensional switching fabric that could be used as either a packet or
time-multiplexed switch. Leading edge research in this area is currently exploring both the
performance and cost issues associated with switching fabrics as a function of the granularity of the
optical interconnects and the intelligence of the nodes. The potential advantages of this free-space
interconnect technology include:

• Provides another dimension of freedom in routing signals.

" Potentially high integration density.

" Low power dissipation per pin-out.

* Parallel structures can reduce latency.

xiv



• Through the development ofnew architectures and fabrics utilizing the parallelism
of the available spatial bandwidth, new high performance low cost systems could
emerge.

The papers in this book stem from the Third Topical Meeting on Photonic Switching organized
by the Optical Society of America and held in Salt Lake City in March of 1991. The meeting was
well attended and attracted excellent papers. The papers in this book consist of extended and
enhanced submissions from authors who participated at the meeting. The papers have been grouped
into eight sections: Space-Division Switching (guided-wave), Space-Division Switching (free-
space), Tune-Division Switching, Wavelength-Division Switching, Multi-Divisional Switching,
Logic and Control, Optical Interconnection, and Novel Devices. Finally, the papers contained within
this volume represent the leading edge of research in photonic switching, therefore, the reader should
gain a reasonably balanced overview of the current state of photonic switching.

H. Scott Hinton
A T& T Bell Laboratories

Joseph W. Goodman
Stanford University
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Studies on a 12s-ne Photonic Space-Division
Switching Network Using LiNb03 Switch

Matrices and Optical Amplifiers I

C. Burke, M. Fupwam, M Yamnaguch .IL Nigimot and
IL Honmou

NEC Corporation, 1-1, Miyazaki 4-ChRe, MiWmae-b4 Ka 216,
Japan

Abstract Fig. 1 [5]. The Simplified-Tree-Structure (STS)
LiNbO 3 switch matrix architecture applied to

The possibility of a 128 line photonic space this network is shown in Fig. 2. In such a
division switching network has been network, the worst case signal to interference
demonstrated through experiments using ratio (SIR) due to optical crosstalk may be
LiNbO 3 8X8 switch matrices and newly expressed as SIR=jxj-10log(m) (dB), where x is
developed 1.3/im window facet structure the optical crosstalk value of the 2X2 switch
semiconductor optical amplifiers, element and m is the number of switch matrix

stages [41,[51. Since m=5 for a 128-line
Introduction switching network, a value of less than - lhdB

for x is necessary, assuming the required SIR to
Photonic space division (SD) switching systems obtain a Bit-Error-Rate (BER) of 10-9 is 11dB.
are particularly promising and most practical A value less than - 18.7dB for x has been
for providing the necessary broad-band services obtained in polarization independent LiNb03
for future telecommunication needs. A 32 line switch matrices [1]. Therefore, optical loss
SD switching system employing polarization budget is the main problem to address in order
independent LiNb0 3 8X8 switch matrices [11 to successfully achieve a 128-line switching
has already been demonstrated for use in a network.
Local-Area-Network (2]. Application expansion Currently available LiNb0 3 switch matrices
of such a switching system requires further show 9dB and 12dB maximum losses for the
increasing the line capacity to greater than 100 4X7 and 8X8 devices respectively [1]. If we
lines. Introducing semiconductor Traveling assume a transmitter output power of OdBm, a
Wave Amplifiers (TWAs) to the switching receiver sensitivity of -36dBm (which is typical
network would be a very effective method for at bit rates around 1 Gbit/sec), a 2dB
achieving such an increase [31-[51. transmission line loss (5km), an effective gain of

The proceeding discussion reports design over 22dB (TWA gain minus power penalty) is
consideration and experimental confirmation of required in order to achieve a system powera 128-line photonic SD switching network margin of at least 5dB. This desired gain can beemploying LiNbo 3 switch matrices and newly achieved by using two TWAs. However, in orderdeveloped 1.3pmo window facet structure TWAs. to maximize the effective gain value of a twostage TWA configuration, the following points

Switching Network Design must be considered.

A 128-line non-blocking Clos Network may be (1) TWA location in Switching Network
realized by using currently available 8X8 and Placing the TWAs at different locations in the
4X7 photonic switch matrices as outlined in system will result in different input powers and

2
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1 ~11
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1st stage$ 2nd stage 3rd stage 1'4th stage 5th stage
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a b c
Figure 1. 128-Line photonic Space Division

Switching Network indicating TWA
insertion positions.

thus different effective gains. Pairs of optical possible reflection paths in the switching
amplifiers may be placed at three possible sites network which may cause power penalty
within the switching network, namely [a] + [b], increase. For simplicity, the main components
[b] + [c], and [a] + [c] as shown in Fig. 1. Only of multiple reflection are considered. We can
these three combinations are examined because express the relative reflection crosstalk power
positioning a TWA before the first switch stage between two TWAs, CT1 , and crosstalk power
would result in serious gain saturation due to between the switch matrices, CT 2, in the
the very large input signal power. Conversely, following manner:
signal input to TWAs placed after the fourth and
fifth stages would be too small. TWA input CT,=2(2Gi+2,,-L+R) dB. (1)
power will also vary depending upon the switch
connection path and the switch input CT2=2(Gi+27+r) dB. (2)
polarization. Such characteristics shall be
experimentally examined later. where Gi denotes internal gain (dB), 9 is the

(2) Optical Reflection optical coupling efficiency between TWA chip
Optical crosstalk due to multiple reflection and SMF fiber, L is the switch matrix loss, R is
between cascaded TWAs, can cause power the TWA facet reflectivity and r is the
penalty [3],[6]. Optical reflection from switch reflectivity of the switch-SMF interface. In
matrices can also give rise to the same problem. order to achieve a negligibly small power
While employing an optical isolator can solve penalty with direct detection, a crosstalk value
this, such a measure is avoided so as to take of less than -20dB is required. Thus, assuming
advantage of the bi-directional communication Gi = 20dB, reflection coefficients of less than
possibilities of the switching network. To -30dB and -22dB for R and r, respectively, are
reduce optical reflection, the analysis in Fig. 3 required if switch loss is completely
may be considered. This diagram shows two compensated by the TWAs (Gi + 2 =L).
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4x4

2 2
3 3

4 4

1 4x4_7
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Figure 2. 8 X 8 and 4 X 7 switch matrices with
Simplified Tree Structure(STS).

Development of Photonic Switching by keeping the power penalty less than 2dB,
Devices even under TM mode operation. TWA module

saturation output powers were about - 2dBm.
Based on the above design consideration,
window facet structure TWAs and LiNb0 3  (2) LiNb0 3 Switch Matrix Module
switch matrix modules have been developed. Polarization independent LiNb0 3 switch matrix

modules were fabricated using chips with anti-
(1) TWAs reflection (AR) coatings applied to the facets.
TWAs with a window facet structure [7] were Resulting reflectivity values at the input and
developed for the 1.3/um wavelength region with output facets were typically about - 27dB.
facet reflectivities as low as - 33dB. TWA chips
were SMF-pigtailed at both facets via GRIN Experiments
lenses using YAG laser welding. Maximum
fiber-to-fiber gains of 15dB and 12dB were A series of experiments to determine the
achieved for the TE and TM modes respectively, prospects of using two TWAs to compensate for
Therefore, a total effective gain exceeding 22dB the loss across a 5-stage switch network
can be achieved with a two stage configuration employing 128 lines were carried out with

Phdonk Switc matrix TWA particular emphasis upon TWA position, power
penalty and resultant system power margin.
The transmitter used was a 1.31,um wavelength
DFB DC-PBH Laser Diode modulated at 1.12
Gbit/sec with output power of about - ldBm.
Sensitivity of the InGaAs APD receiver without
TWAs was -36.5dBm (Bit-Error-Rate= 10-9).

* A 3nm bandwidth optical filter with 1dB loss
* was employed at the optical receiver input to

reduce TWA spontaneous emission noise. A
C5km subscriber single mode fiber was connected

to the switch network. The gain values of the
CIfirst and second stage TWAs, namely, TWAI'

R and 'WA2', respectively, were set at 12dB.

r r Results and Discussion

Figure 3. Photonic Switching Network with Bit-error-rate curves for all three possible
Switch Matrices and TWAs, positions for the two loss compensating TWAs
indicating Reflection Crosstalk were evaluated for the smallest and largest loss
effects. switch-connection paths (Fig. 4). TWA gain,
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power penalty, total effective gain, and signal input power to the second stage device.
resultant system margin are detailed in Table 1. System power margins are reduced to around
When the two TWAs are placed at [a] + [c], the 1dB in this highest switch loss situation.
highest switch loss situation revealed a power TWAs which were then placed at [a] + [b]
penalty of 2.4dB. This is a result of firstly the showed gain saturation effects in both devices.
saturated effect of TWA1 which subsequently The further reduction in power margin here
reduced the gain value, and secondly, the low however is mainly due to the re duction in the

104  individual gains of the TWAs rather than an
increase in power penalty. With the lowest loss/ !Extremfe

TWA Switch paths across the switches, power penalty of only

x Position Loss 1.2dB was observed. With this low loss between
10-- r both devices there is negligible power penalty

[aJ+[c] A A increase from optical reflection. This reinforces
[a]+[b] - - the fact that no optical isolators are needed for

this system and therefore paves the way for
10 x bl+[c] possible bi-directional transmission.

Finally, the symmetric arrangement of
10.7 Xplacing the two TWAs at [b] + [c] gave the most

practical power margins of over 5dB in thel ! highest switch loss situation. Here maximum

10 Withot gain was utilized, with both TWAs contributing
TWA 12dB fiber-to fiber gains and resultant combined

0 effective gains exceeding 22dB. Gain saturation
W \effects have been avoided in this situation and
G1o x five stages of switches have been loss

compensated by the two TWAs.

I02 Conclusion

-39 -38 -37 -36 -35 -34 -33 -32 -31 The design considerations for a 128 line
Mean Received Power (dBm) -. photonic SD switching network with loss

cnpensation from two low reflection window
Figure 4. Bit-Errror-Rate Curves for different facet traveling wave amplifiers have been

TWA Positions. investigated. With such a design, 1.3,pm
window facet structure TWAs and AR coated

TWA1 TWA2 POWER EFFECTIVE POWER
TWA GAIN(dB) GAIN(dB) PENALTY(dB) GAIN(dB) MARGIN(dB)
SITE

S L S L S L S L S L

[a]+[c] 8 9 12 12 1.3 2.4 18.7 18.6 13.9 1.1

[a]+[b] 8 9 9 9.5 1.2 0.6 15.8 17.9 10.8 0.4

[bl+[cl 12 12 12 12 1.0 1.3 23 22.7 18.0 5.2

Figure 5. System Characteristics indicating
smallest (S) and largest (L) switch
loss cases.
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Abstract fibre window. An InP 4x4 guided wave optical switch
has been demonstrated where the switching action is

An electro-optic 4x4 switch array in indium phosphide obtained by carrier injection [3]. Although this
has been demonstrated which is suitable for monolithic mechanism has significant advantages for data
integration with lasers, detectors, amplifiers and control transparency, the switching speed is limited due to
electronics operating in the 1.3/1.55pm wavelength extended carrier lifetimes [4]. In this paper we report
window. the first demonstration of an indium phosphide guided

wave switch array employing the much faster electro-
optic and carrr depletion effects.

Introduction
Switch Design

The choice of technology for guided wave optical
switches must consider three major issues. Firstly, the The ridge-loaded waveguides, width 3pm, are optimised
transparency of the data path will be determined by the for operation at 1.55pm using the electro-optic effect
waveguide and switcht element optical characteristics. enhanced by carrier depletion. Doping the waveguide
Secondly, the switching speed of the elements, ranging to obtain an increased refractive index change under
from mS for optomechanical switches to sub-nS for reverse bias decreases the control voltage without
electro-optical and carrier depletion switches, will be significantly slowing the switch response. The
determined by the physical mechanism and by the consequent increase in waveguide loss can be kept
electrical packaging. Switch speed is of especial modest. 16 directional coupler switch elements ae
importance when high data rates are being switched. arranged to form a strictly non-blocking 4x4 crossbar
These issues have been explored for lithium niobate, switch fabric, so that any required channel
leading to the demonstration of a 16x16 guided wave rearrangement can be obtained without interruption to
electro-optic space switch [1]. The third issue, the other connections (figure 1). The switch elements are
monolithic integration of the optoelectronic circuit hard wired' in reverse delta beta mode to minimise the
elements required for routing control and optical signal number of electrical control channels. A variation
conditioning, can only be accomplished using a allows uniform delta beta mode operation to be
semiconductor technology. Optical detectors and obtained. Switch lengths are 3 and 4mm and the
control electronics for routing control and optical directional coupler gap varies from 2.5 to 3.5pn.
amplifiers for optical signal conditioning can be Optical interconnection is by 15 or 20mm radius
fabricated in compound semiconductor materials, circular bends, yielding a total chip length of 35 to

An electr-optic 4x4 switch has been demonstrated in 40mm. Input and output waveguides are spaced by
GaAs [2]. The bandgap structure of GaAs, however, 160pro. Electrical connections employ dual layer
allows only short wavelength optoelectronic devices to metallisation separated by polyimide to bring contacts
be constructed. Optical fibre transmission, by contrast, to separate bond pads at the edge of the substrate. A
requires optoelectronic elements operating in the silica barrier layer beneath the pad metallisation
1.3/1.55pzn wavelength region. The switch of [2] was prevents electrical breakthrough to the underlying
operated at 1.3 microns, so was not compatible with layers. Test structures incorporated in the design
GaAs integrated optoelectronic devices. The InP include single waveguides, couplers, switches and
material system is fully compatible with the optical diodes.

7
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fill fil ..- 1 1

Figure 1. 4x4 switch layout.

Fabrication Results

The electro-optic switch structure was formed by a The switches were assessed with light at 1.541m from
single MOCVD growth on an n+ substrate. The a semiconductor laser. Satisfactory waveguiding was
3x10 16 n-doped carrier depletion InGaAsP waveguide observed for TE polarisation, with losses of 3db/cm.
had a band gap of 1.3gm and a thickness of 0.5prm. Couplers with between one and three coupling lengths
The InP cladding had a thickness of 0.8pm, which was were selected for electro-optic characterisation.
dry-etched to a depth of 0.5pm to form ridge loaded Switching voltage-length products of 25Vmm were
waveguides. Silica was deposited by CVD over the obtained, enabling full switching within the breakdown
bond pad areas prior to the deposition of the Ti/Zn/Au limit of the material (30 volts).
first layer metallisation. Polyimide was then spun on In conclusion, high speed optical switches with
to perform a passivating, insulating and planarising integrated control functions and optical signal
function (figure 2). Vias were cut by ashing through a conditioning require electro-optic switches in indium
silica mask to connect the Ti/Zn/Au second layer phosphide. We have demonstrated the first electro-
metallisation (figure 3). Individual chips were then optic indium phosphide guided wave switch array,
diced out and assembled on a metal carrier to permit comprising sixteen reverse delta beta directional coupler
optoelectrmic evaluation (figure 4). switches in a crossbar fabric. Switching voltage-length

products of 25Vmm have been obtained.

Second layer metallisation

. .. .- Polyimide

Silica irst layer metallisation

-InP

.....................................................- InG t m

-lnP Substrate
Bond rPad ILtcc'irodc Pad Coupled

Waveguide

Figure 2. Cross-section through switch.
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Figure 3. Micrograph of connection between first and second layer metallisations.

Figure 4. Assembled 4x4 In!' electro-optic switch
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Abstrat 4 Y 4 Intewgatnd AO Snace Switch Architecture andWorking Erincinlt

A 4 x 4 nonblocking integrated acoustooptic space
switch has been realized, for the first time, in a Y-cut The switch architecture is shown in Fig. 1.
LiNbO 3 channel-planar-channel composite waveguide Information-carrying light beams (from an array of four
0.1 x 1.0 x 3.0 cm3 in size. The switch consists of four optical fibers, for example) are coupled into the planar
parallel channel waveguides at the input, a large aper- waveguide substrate through the input channel wave-
ture TIPE collimating-focussing lens pair, an array of guides. The light beam from any input channel wave-
four tilted SAW transducers, and four parallel channel guide expands in the planar waveguide and is
waveguides at the output. Measured performances for collimated by the first TIPE lens [11] because its front
nonblocking switching at the optical wavelength of focal plane coincides with the output apertures of the
0.6328pm include a worst-case crosstalk of -15.6dB, an input channel waveguides. The collimated light beam
average throughput of -16.0dB, a frequency resolution tilts at an angle (from the lens axis) which is pro-
(frequency increment required for switching between portional to the displacement of the input channel
adjacent output ports) of 18.0 MHz, and a reconfigura- waveguide involved from the lens axis. The focussing
tion time of 0.145gsec. Capabilities of the switch for lens, which may be identical to the collimating lens,
performing strictly nonblocking point-to-point, multi- follows the tilted transducer array and is followed by
cast as well as multipoint-to-point were also readily the output channel waveguides that serve as coupling
demonstrated. elements to the four output ports (to another array of

four optical fibers, for example). Note that the input
apertures of the output channel waveguides are placed

kon the back focal plane of the second TIPE lens. A
multiplicity of active Bragg diffraction gratings of

All existing guided-wave optical space switch matrices appropriate periodicity and orientations are then created
[1-8] are configured in stages (or tandem), and require a in the planar waveguide region between the collimating-
large number of basic cross-point switches as the size of focusing lens pair by the SAWs generated by the
the switch matrix or the number of input and output multiple-tilted transducers.
ports increase. As a result, the real estate of the In operation, the light signal from any of the four
substrate and the optical propagation losses and cross- input ports may be efficiently switched to any of the
talks as well as the complexity in both electrode layouts four output ports by properly varying the propagation
and electronic driver circuits greatly increase with the direction and the carrier frequency of the SAWs. Thus,
size of the switch matrix. Furthermore, both the optical by selecting the separation of the input channel wave-
insertion loss and the crosstalks may vary widely with guide array and its displacement from the lens axis, the
the route the light takes. tilt angles associated with the input light beams can be

Optical space switches that utilize acoustooptic adjusted to facilitate programmable and nonblocking
(AO) Bragg diffraction [9] can significantly alleviate routing of the light beams through proper combinations
the undesirable characteristics referred above. In this of the transducer element (and thus the direction of
paper, a 4 x 4 nonblocking integrated AO space switch propagation of the SAW) and the RF driving frequency.
that utilizes guided-wave AO Bragg diffractions in a
single-mcde LiNbO3 channel-planar-channel composite
waveguide [101 is reported. *This work was supported ian part by he NSF.
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*Center Frequencies and Bandwidth of Four-Element
Tilted SAW Transducer Amry
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" Output Channel Waveguide Arry Measurements were carried out at 0.6328gm He-Ne
Width = 5pm Laser wavelength.
Periodicity = 15.Opin Fig. 2(a) shows the light path through the lens pair
Length = 2.0mm when the light was excited through the #1 input channel

* Collimation-Focusing TIPE lens Pair waveguide that lies closest to the lens axis, namely,
Focal Length = 10.0mmn 104gim. The light path is seen to remain nearly a

"Displacement of #1 Input Channel Waveguide from straight hine along the lens axis.
the Lens Axis: 104pm Fig. 2(b) shows significant bending of the light

* Displacement of #1 Output Channel Waveguide from path since in this case the guided-light was excited
the Lens Axis: 741im through the #4 input channel waveguide that was
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Abstract: (Optical Switching Systems, Components and Ap-
plication Research) /2/. The system work is sup-

Photonic switching options for various applica- ported by an intensive development of key devices
tions including ATM switching, high speed LANs, some of which will be discussed in the present pa-
optical cross-connects, etc, are currently investi- per.
gated within the european project RACE OSCAR
(Optical Switching Systems, Components and Ap-
plication Research). InP based Photonic Inte- Tecdmoloaical options
grated Circuits have been identified as key devices.
The paper reviews the latest state of the art semi- When considering the merit of both optics and
conductor switches designed and fabricated within electronics, it is clear that while some functions
the project illustrating both the main technological (interconnection, transmission, switching) are bet-
trends as well as the envisaged system applica- ter performed in the optical domain, some others
tions. (logic functions, buffering, synchronisation) are

easier to implement in the electronic domain.
Therefore, in order to exploit the specific advan-

Introduction tages of optics and electronics at the best, the fu-
ture switching fabrics will have to combine optical

The optical fiber has been recognized to be a su- and electronic devices. With the increase of com-
perior transmission medium. Performing switch- plexity and switching capacity, the monolithic in-
ing in the optical domain might well be the next tegration leading to the concept of "electronic
challenging step. The attractiveness of photonic islands" located on various places of an optical
switching comes from the possibility of performing mother board will become compulsory. Consider-
multidimensional switching by exploiting the ing both the maturity of different technologies, as
wavelength, the time and the space domain /I/. well as first system applications, we have focused
This will enable to significantly increase the ca- our work on guided wave devices, although, in a
pacity of switching fabrics. Although the potential second step, free space options are also serious
benefits of optical switching are widely acknowl- candidates for solving some specific intercon-
edged, the prefered system architecture and the nection problems. Initial work and system demon-
most suitable cost-effective technology are still strators have been done using LiNbO devices
matter of debate. Partly, this is due to the number /3,4/. However, the largest effort is spent on de-
of areas where photonic switching can be intro- veloping InP optical circuit and integration tech-
duced: these cover applications ranging from sim- nology. Indeed, only Ill-V semiconductors, and
pie switches such as slow protection switches, up when considering the wavelength range of interest
to highly complex and sophisticated devices where for optical communications (I.3pm to 1.55pn),
optical processing can be included, such as ATM particularly lnP and related compounds, allow to
switches for instance. It is likely that different integrate optic, opto-electronic and electronic
applications will ask for specific technologies. A functions in a a smart and cost-effective way.
variety of applications are currently being studied inP based photonic circuit's technology is
within the european project RACE 1033 OSCAR progressing thanks to the wide use of high per-

14
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formance epitaxial techniques (MOVPE, structures such as the total internal reflection
Chloride-VPE) which have overpassed the old- switch and digital optical switch (Figure 2). These
fashioned liquid phase epitaxy in terms of uni- structures have been used in combination with
formity (GalnAsP epilayers with compositional various waveguide configuration exploiting the
fluctuations lower than 0.5 % over 2" wafer can electro-optic or/and carrier induced effects as
be achieved by both MOVPE and CI-VPE), inter- shown on Figure 3.
face quality and purity. Dry etching (RIE for in- The standard directional couplers require 2
stance) has been proven to be much more flexible to 6 mm long interaction length and a driving
than chemical etching. Surface damage and edge voltage which ranges from - 15 V for an electro-
roughness have been reduced to a level where they optic device (p-i-n structure where the waveguide
do not induce any measurable penalty. Exploiting core layer is undoped) /7/ down to - 5 V for a
the flexibility of both the growth and the epitaxial carrier depletion structure /8/. The speed of these
techniques, various waveguide structures have switches is usually limited by the electrode
been investigated (Figure 1). capacitance (typically IpF/mm). Directional cou-

plers have been also activated using carrier in-
Rib Wavegulds structure Mb Wavegulde structure jection: driving current of - 5 mA has been
electro-optlc modulation carrier depletion modulation measured. Matrices up to 4x4 have been demon-

carrier Iljection strated /9/. The concept of directional coupler has

been extended to vertical structures where ex-
------ _ P__- tremely short coupling lengths (- 100 pm) can be

............................................. obtained. Because of its compactness and the ver-...,.;..;..: ..... ........... ;.... ... ... .

...........................................tical configuration, the device is suitable for 3Dlike integration /10/. Also, when associated with
Berried Weveold& structure multiple quantum well structures, non linear, op-

olectro-optie woodeletion [-7b mod

carrier Inje~c i on IR P de )N * Tst IIW o wum W 0il *pt 1
_M_ N du " d) N O Wpg W a co S tc h S "ittb

........... GQMAVP in dopod)
a............................... ........ d jmd

Figure 1: Three basic lnP based waveguide struc-
tures.

The typical losses for double heterostructure
InP/GalnAsP/lnP waveguides are now in the 0.2 ,
to 1.0 dB/cm range for both passive and active (i.e.
waveguide with top electrode) structures /5,6/.
This enables the design and fabrication of large Figure 2: lnP based switching structures studied
photonic circuits. within the project.

A specific area where a lot of work still re-
mains to be done is the waveguide/fibre coupling.
By shaping the fiber end it is possible to achieve Bias Reverse Reverse Direct
coupling efficiencies in the order of 3dBifacet; Core layer Undoped Doped Undope
however, a reliable and cost effective solution ap-
plicable to multi-fibre/multi-waveguide connection Directional
has still to be investigated. Coupler - - -

Digital Optical
Switch

InP switches Total InternalReflection
The 2x2 space switch forms the basic building -f-t-

block which can be used not only for constructing Band-flng
larger switching matrices, but, considering its dy- Plasma
namic and spectral behaviour, can play also a role
in time or/and wavelength multiplexed architec- Pockele effect
tures. Kerr effect

Two families of lnP switches have been ex-
tensively studied: interferometric devices such as Figure 3: Summary of the Switch-Waveguide
directional couplers, and non-interferometric combinations and the associated physical effects.
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tically and electrically driven switches have been Monolithic intearation
achieved /I[/. The total internal reflection switch
is also a very compact device (- 200 pm). However The OSCAR project is also tackling the problem
it requires a strong refractive index change which, of monolithic integration of optical switches with
for a non quantum well device, can be achieved other optoelectronic and electronic devices. Inte-
only through carrier injection. Relatively high gration of high speed (5 GHz), low dark current
driving currents are needed to obtain full switching (0.1nA), p-i-n detectors has been successfully

achieved /15/. The optical amplifiers are also very(200 mA), but the switch is polarisation independ- attractive since they may compensate for the
ent /12/. An attractive device, which might corn- waveguide and fibre/chip coupling losses. Optical
bine the advantages of both the directional coupler circuits with locally integrated booster amplifiers
and the total internal reflection switch is the Dig- and exhibiting fibre to fibre gain of several dB
ital Optical Switch, originally demonstrated on have been demonstrated /16/. Furthermore, the
LiNbO3 /13/. First InP DOS carrier injection and optical amplifier can be used also as a multifunc-
carrier depletion devices have been fabricated and tional device, with additional gating and detection
the digital response as well as the polarisation in- properties /17/. This opens the way towards all
dependence has been demonstrated /14/. optical amplifier based matrices with built-in

The above discussion shows that the switch monitoring function /18/.
Electronic integration is another key areaand the waveguide structure both determine the which deserves a lot of attention. Three options are

overall switch performance. Depending on envis- presently investigated. The first one uses
aged system application, different trade-offs have monolithic integration of InP (HBT) electronics
to be considered. Figure 4 and 5 show two exam- and process validation has been already fulfilled
pies. /19/. The two other options uses GaAs based

Speed FETs, which have the advantage to be an already
EltI-o--- A well established technology. A monolithic ap-

lZtol s~, , proach is investigated through the use of hetero-
epitaxy: first InP switches have been integrated
with GaAs driver FETs /20/. GaAs FETs can be

Rie m i' ll [o I t also integrated on a quasi monolithic fashion using
rolarisation the Epitaxial Lift Off technique /21/; first inte-

............. gration has been also successfully demonstrated
Cai Cir- "Wn with this technique.

I TM Final remarks

The results achieved so far within the european
Figure 4: Speed/polarisation independence trade- consortium OSCAR have convinced us that InP
off for various InP switches based technology is viable, and will play an in-

creasingly important role in photonic switching.
The variety of optical switches developed canReverse biased ntf (mM) Direct biased cover a wide range of applications. The progress

........ .......... ......... . on monolithic integration also makes possible now....::::::: ::::: ::::::: ::::::: ::::: :::.:::::: ::::: ::::: ...... ... ....
It t.. ......... ..... ........ ....g . .i ..... ... ...... ........ .... . j L i .... s e ii a i n s a ls e n v e fa g v n a p i............... ...... ......... to design and fabricate complex devices, with

M specifications established in view of a given appli-
.J U.cation. One of the first such devices developed is

........ I the Passive Access Node switch used in a Very
... . . ....... High Speed Optical Loop /22/. Nevertheless, one

................................. ........ . should not minimize the large effort which still re-...... 4 ......... ... .. . ..... .... ..... .. ....... .... ..

.. ..r ....... ............... ...................... mains to be done before photonic switching is used
I... iTi . . in real system. In years to come we should see a

S........ .... multiplication of devices developed for and tested
in a system environment. This should result in an"1 -- evolution of system architectures and further

-30 -25 -21 -15 -10 -5 0 50 10u 15 e 2 2 3Ma progress of device technology.Vola IV) lrlt(A

Figure 5: Driving current (resp. voltage) / device
length trade-off of direct biased (resp. reverse bi-
ased) lnP switches.
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Abstract Three advantages are realized by this new design
that make this an attractive approach to implement-

An integrated acoustooptic device capable of rapidly ing an optical spatial permutation switch. The first
permuting an array of optical signals on single mode is the permutation switch is essentially lossless, ex-
fibers without suffering fan-in and fan-out losses is cept for the small fixed coupling loss into and out of
presented. the device, and a slight deviation away from 100%
Overview diffraction efficiency. The second is that it requires

low power due to effective utilization of the acoustoop-

A new approach to implementing an optical crossbar tic interaction and the efficiency-bandwidth tradeoff.

using a single acoustooptic device in 2D is presented. For an NxN crossbar the efficiency is N 2 times that

This is an improvement over previous acoustooptic of a normal wideband acoustooptic device, resulting

crossbars which require N channel devices[1,21. This in milliwatt drive powers for optimum diffraction ef-

novel device configuration can permute an array of ficiency. Finally the device is realized on a single

single mode fiber inputs to outputs without suffering integrated optic substrate, rather than requiring 3-

from fan-in and fan-out losses inherent to 3D opti- dimensional bulk optics, and has such low power dis-

cal crossbar[3]. Generalized crossbars with broadcast sipation that arrays of the devices can be stacked up,

capabilities can also be implemented with the same and cascaded into larger networks.

device by simply changing the driving signals, and
this will achieve the minimum possible loss, given by Device Design
the degree of fanout. The reconfiguration time of the
switching network is governed by the acoustic aper- The Ni x N. low-loss acoustooptic interconnection sys-
ture, which is on the order of one microsecond. The tem is depicted in figure 1. The optical input is a
device addressing requires only a single driving sig- uniformly spaced array of Ni single mode fibers, which
nal which contains N simultaneous frequencies. This are widely spaced so that they are resolvable by a
fiber optic switching system avoids optical to electron- factor of N., thus the separation between the fibers,
ic conversion permitting the transmission of arbitrary Di, is N. times the modal width of each waveguide.
format high bandwidth signals. We present results of The N. optical outputs are on an array of waveguides
the operation of the switch using a bulk phased-array which are just resolvable, so that the array of output
acoustooptic Bragg cell driven with multiple input fre- waveguides are separated by D., slightly more than
quencies that permutes an array of inputs to an array the modal width. The input array is collimated by
of outputs. A surface acoustic wave integrated op- the first lens, producing a set of collimated beams
tics implementation of the device optimized for per- with large angular separation, which are incident on
muting the 12 single mode fibers in a fiber ribbon is the SAW acoustooptic Bragg cell. The Bragg cell is
being built and tested for application as a switch for fed a superposition of Ni acoustic frequencies, each
digital signals in parallel processors and in video and of which is responsible for directing one of the inputs
telecommunication switching environments, towards a selected output. The second lens focuses

18
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the acoustically-redirected diffracted optical waves vector tangentially across the ordinary polarized out-
onto the destination fibers, thereby coupling the in- put surface as the drive frequency varies within the
put optical signals into the appropriately permuted band. Higher acoustic frequencies steer to the loci
output fibers. The directions of propagation of the shown above this output surface, preventing coupling
optical inputs and outputs and the directions of prop- due to the Bragg mismatch. These higher frequencies
agation of the various acoustic frequencies is arranged do fall on the output surface for the other input opti-
so that each fiber input is Bragg matched to only one cal wave vectors as shown in the middle and bottom
of the acoustic frequencies and does not interact with of Figure 3. The frequency response for each optical
any of the others. This is fundamentally different than input is shown at the right. The nine acoustic fre-
a normal wideband acoustooptic device, in which a quencies denoted by arrows in the frequency response
single optical input is intended to be diffracted by all are used to specify all possible input to output cou-
of the acoustic frequencies which are present, and re- plings. The coarse frequency bands correspond to the
quires a special Nth order time delay beam steering input beams, while the fine frequencies within each
transducer design, as shown in Figure 2. band are used to specify the output fiber destination.

In this acoustooptic crossbar the O(N 2) complex- Bragg matching is used to eliminate unwanted non-
ity inherent to a generalized crossbar is folded over linear acoustooptic rediffractions as illustrated in Fig-
into the frequency domain representation The device ure 4. The coupling of the first input to the third out-
bandwidth is divided up into Ni nonoverlapping fre- put, and the second input to the first output is shown
quency bands, as shown in Figure 3, and one of N. on the left. For large diffraction efficiencies we must
frequencies is chosen out of each band to direct one consider the possibility of second order diffractions.
of the Ni inputs to the N. outputs. The number of These multiple diffractions, in a normal acoustoop-
frequencies which can be independently resolved at tic device, deplete the output beams of power pre-
any instant in an acoustooptic device is equal to the venting high diffraction efficiencies and also introduce
time-bandwidth (TB) product of the device. Typi- crosstalk. In the lowloss acoustooptic permutation
cally TB >400, which means that the crossbar size switch we have arranged the design so that the higher
that is implementable with a single device is about order diffractions have a large momentum mismatch,
N < I ;t 20. Alternatively 40 inputs can be preventing such a light loss. Figure 4 shows, on the
steered towards any of 10 outputs, or 10 inputs can right, the coupling on the top left rediffracted through
be directed to any of 40 outputs, as long as the prod- the acoustic wavevector of the bottom left. The polar-
uct of the number of inputs, Ni, with the number of ization wave produced due to the simultaneous pres-
outputs, N., is less than the time bandwidth product. ence of multiple acoustic waves, is not Bragg matched

The operation of the acoustooptic interconnect for since the output optic momentum vector misses the

a 3 input to 3 output crossbar is depicted schemati- output surface due to the tilt of the output sur-

cally in Figures 2-4. Figure 2 shows a staircase trans- face compared to the input surface. This prevents

ducer array operating at three frequencies increasing power build up in the unwanted multiple diffractions

from the center frequency. The acoustic momentum and hence allows the switch to be used at very high

vector, shown at the right, increases in length with in- diffraction efficiencies without unwanted depletion or

creasing frequency, as well as steering to the left. The crosstalk.

Nth order staircase transducer array resets the beam Bulk Acoustooptic Demonstration
steering angle when an additional acoustic wavelength
fits within the stair step as shown at the bottom of A 33 optical switch has been experimentally real-
Figure 2. As the frequency is varied across the full de- ized by using an off-the-shelf beam-steering AO cell
vice bandwidth, the locus of the acoustic momentum to demonstrate the concept of the anti-beam steering
vectors traces out a series of three diagonal lines. photonic switch. This scheme is a suboptimal real-

The momentum space representation of the optical ization of the acoustooptic crossbar that can suffer
and acoustic waves, and the birefringent diffraction from higher order diffraction effects. The experiment
geometry is illustrated in Figure 3. The widely spaced setup is shown in Figure 6. The lie-Ne beam was
extraordinary polarized inputs produce wave vectors split into three beams and each of which was modu-
shown on the inner index surface in a negative uniax- lated by an AOM, which were driven by three signal
ial crystal. The frequency dependent locus of acoustic sources. These modulated beams were combined at
wave vectors are shown in gray. The lowest frequency widely spaced input angles and applied to the Bragg
band, shown at the top, efficiently couples the first cell which is operated in the antibeam steering con-
input optic beam to one of the finely spaced, ordinar- dition, so that it has very narrow nonoverlapping
ily polarized, outputs by steering the acoustic wave acoustic frequency bandwidths for each of the input
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beams. This allows each of the optical beams to be in- Clos Network
dependently deflected to the output fiber array by ap-
plying the correct combination of RF frequencies, just The input and output of the low loss acoustooptic
as in the optimized Nth order beam steering staircase permutation switch are both carried on single mode
transducer design. The Bragg cell is driven by three fibers, thereby allowing the output of one crossbar to
RF generators which thereby control the switch ma- be fed into the input of another in order to implement
trix. The diffracted output beams are then focused larger switching systems. The Clos network[4], shown
onto three multimode fibers mounted on a 250 pm in Figure 5a, consisting of R way perfect shuffled in-
spacing V groove. Multimode fibers were used to terconnects between arrays of crossbars is a natural
obtain the correct core diameter to separation ratio choice for interconnecting these small crossbars. The
easily, but a fully integrated system could use single R way perfect shuffles grow exceedingly complex in
mode output waveguides without suffering additional 2D for even small R, and electronic implementation
loss. The output of the fibers were detected by am- of Clos networks, especially in VLSI, becomes unman-
plified photodiodes. Figure 7a shows the outputs on ageable. A possible solution to this topological prob-
each fiber when 55.5, 73.3 and 92 MHz tones were ap- lem is obtained by making use of the 3-dimensional
plied to the AOD, and the bottom trace is a system nature of optics, and stacking the planar SAW devices
clock. Figure 7b shows the permutation switching of into an array of crossbars. In order to implement a
the first two input beams, when 59, 69.2, and 92 MHz Clos network, the output from an array of R N-input
were applied simultaneously to the AOD. Figure 7c x M-output crossbars must be R way shuffled and
shows the permutation of the last two inputs, when fed into MRx R crossbars, whose outputs must be M
55.5, 76.6, and 89 MHz were applied to the AOD. way shuffled and fed into an array of R M-input x
Figure 7d shows the broadcasting of the central input N-output crossbars. This can be iaplemented easily
beam to all 3 output fibers, when 69.2, 73.3, and 76.6 by rotating a second stack of M optical crossbars by
MHz tones were simultaneously applied to the AOD, 90 degrees and butt coupling to the first and third
but this mode of operation suffers from an unavoid- stacks, as shown in Figure 5b. A reconfigurable net-
able fan-out loss of 3. work can be implemented when M = N, while a more

powerful, fully nonblocking switch is achievable for
M> 2N -1.

Input Output
fibers fibers

Figure I Acoustooptic permutation switch

Figure 2 Nthorder acoustic beam steering
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SAcousto-Opuic bandpass

f -

f -- First order coupling Double diffraction

Figure 3 Multi-input fr-quency response Figure 4 Higher order Bragg Scattering

Clos Network Using Stacked Rcoustooptic Crossbars

NxM crossbar RxR crossbar MxN crossbar

M>-N Reconfigurable
M>-2N-1 Nonbiocking

Fiber Fiber
Cab!le Cable
Input Output

Horizontally and Vertically Stacked Rcoustooptic Permutation Switches

Figure 5 2 dimensional vs. 3 dimensionial Clos network
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Abstract independent GaAs/AIGaAs EODC switch. A (111)-
oriented crystal, instead of conventional (100)

A polarization independent GaAs/AlGaAs electro-optic orientation, has been used in order to solve polarization
directional coupler switch with less than -12dB dependency problem. The achieved device has crosstalk
crosstalk level for any incident polarizations, has been as low as -12dB and 19V switching voltage at 1.3Mm
realized for the first time, by using (I 1 )-oriented wavelength, for any incident polarizations.
substrate.

2. Device Design

1. Introduction In the conventional GaAs EODCs using (100)-oriented
substrates, field induced refractive index changes with

The interest in guided-wave optical switches made of electric field vertical to the (100) plane are written by
III-V semiconductor compounds for photonic switching
application is growing, because of their large scale f (1/2)n'r,,E (TE polarization) (1)
integration capability and their ability to be integrated An =
with other semiconductor devices. Therefore, several 0 (TM polarization) (2)
kinds of optical switch, such as a carrier injection type
switch[l], a gain guide type switch[2] and a directional where n, r, and E are refractive index for the medium,
coupler type switch[3], have been investigated. Among electro-optic coefficient and electric field intensity,
them, a GaAs/AIGaAs electro-optic directional coupler respectively. Since no refractive index change occurs
(EODC) is attractive, because of its low absorption loss for TM polarization, conventional GaAs EODC should
at long wavelength region[41, fast switching speed, low be polarization sensitive. On the other hand, refractive
electric power consumption and wavelength index changes are written by[9]
independent operation capability. Therefore, a
GaAs/AIGaAs EODC is promising as a cross-point (I/2,13)nl'r1 E (TE polarization) (3)
element in an integrated matrix switch. Actually, 4x4 An =
GaAs/AIGaAs matrix switches with quite uniform -(I/,)n 3r4,E (TM polarization) (4)
device characteristics have already been realized[5] by
the authors. However, all of reported semiconductor for EODCs using (I 11 )-oriented substrates with electric
directional coupler switches, so far using electro-optic field vertical to the (Ill) plane. Therefore, refractive
effect, have been polarization sensitive. Polarization index changes exist for both TE and TM polarizations.
independent semiconductor EODCs, compatible with Although the amount of refractive index change differs
standard single-mode fibers, are desired for practical between TE and TM polarizations, polarization
use. Although some polarization independent LiNbO, independent operation with the same switching voltage,
switches have been recently reported[61,[71, no attempt can still be obtained using the uniform AD
to r-ilize polarization independent semiconductor configuration, with the EODC length to coupling length
EOD' has been made yet, except theoretical ratio ([L4) being about 1. A switching diagram for the
consideration[81. uniform AP configuration is shown in Fig.1 to explain

This paper describes the first polarization the polarization independent operation principle. For
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5 both TE and TM polarizations, e-state can be
both TE and TM achieved at around the TE polarization 0 -state

fo voltage, in other words, at around ADIA=3.7.

4 ~ ECalculated 9 -state crosstak, caused by the refractive-- ".inmx change, diff'erece btween TE and TM

forTM assumed according to Eqs. (3) and (4). Less than

-20dB 0-state crosstalk level can be obtained, around
APL/hr=3.7, for both TE and TM polarizations,
simultaneously.

On the other hand, (-state crosstalk is determined
, I %Iby the coupling length difference between TE and TM

O' 1 2 3 4 5 polarizations. In order to obtain less than -15 dB -
AA~xFORTM OLAIZAIONstate crosstalk for the uniform AP configuration,

FOR TM POLARIZATION coupling length should be between 0.9 and 1.1 times
EODC length. In general, the coupling length for TM

Figure 1. Switching diagram for a (lll)-oriented polarization is longer than that for TE polarization. So,
EODC with uniform AP configuration. Maximum TM polarization coupling length and

minimum TE polarization coupling length, allowed to
obtain less than -15dB Q -state crosstalk, are 1.1 and
0.9 times EODC length, respectively. Therefore, special
care to reduce coupling length mismatch between TE
and TM polarizations, was taken when the EODC layer
structure was designed. The polarization independent

tGaAs/AIGaAs EODC structure is shown in Fig.3. A
-1- quite small Al composition ratio, 0.1, in AIGaAs

cladding layers, was chosen to realize a small
Irefractive index difference between guiding layer and

cladding layers, in order to obtain small propagation
0 -20- constant difference between TE and TM polarizations.
a: Since this small refractive index difference might cause

higher free carrier absorption loss and higher switching
voltage, because of poor optical field confinement,

-3 1 1 undoped cladding layers between guiding layer and p-

0 1 2 3 4 5 cladding layer, and between guiding layer and n-
cladding layer, are inserted in order to prevent

APl./2 FOR TM POLARIZATION absorption loss and switching voltage increases.

Figure 2. Calculated 0 -state crosstalk for a (II1)-
oriented EODC with uniform AP3 configuration.
A[rM-2A . is assumed.

Pol o2 w=4p1m d=2plm t,=l.651tm

V-- -L=4. nm

p*-GaAs cap 2x1018cm3  0.171rn
p-Al.GaAs cladding 2x101 'cm"3  1.371im
i-Al.,Ga.,As cladding 0.34g±m
i-GaAs guide 0.26pom
I-Al 1Ga.,As cladding 0.34rn
n-Al.1Ga.As cladding lxl 0'7cm "  1.79prn
n-GaAs (111) sub. 2xl0'Scm3

Figure 3. Polarization independent EODC structure.
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3. Fabrication and Device Characteristics represent switching characteristics for TM and TE
polarized inputs, respectively, in Fig.4(a), while solid

The (111)-oriented crystal was grown by MBE and broken lines indicate those for 45 linear and
(Molecular Beam Epitaxy) with 725 C substrate circular polarized inputs, respectively, in Fig.4(b). Both
temperature, which is about 79C higher than that for (D -state and ( -state were obtained undcr the uniform
(100)-oriented crystals. EODCs with 4pm waveguide AD operation at V = OV and V = 19V, respectively,
width and 21Am waveguide spacing, were fabricated on for any incident polarizations, as shown in Fig.4. The
the MBE grown wafer by using conventional electrode length-switching voltage product (L-Ve) is
photolithography technique and RIBE (Reactive Ion about 80 mm .V, which is 2.6 times larger, mainly due
Beam Etching) with Cl1 gas. to AT times smaller TE polarization refractive index

Fabricated EODCs were characterized by coupling change, than our conventional polarization dependent
1.3pm wavelength light into an input waveguide using EODCs[3], using (100)-oriented substrates. However,
lens system. Switching characteristics for a 4.2mm long the product is still much smaller (4 times smaller) than
EODC with 4pm wide waveguide and 2pm waveguide LiNbO , polarization independent EODCs[10], which
spacing are shown in Fig.4. Solid and broken lines means the switching efficiency of the GaAs EODC

ir cc
W 10 W1.0 CIRCULAR

00

0-
0

0 5 10 15 20 25 0 5 10 15 20 25

APPLIED VOLTAGE (V) APPLIED VOLTAGE (V)

lal Ibi
Figure 4. Measured switching characteristics at X=l.3pm.

(a) For TE and TM polarizations. (b) For 45linear and circular polarizations.

ov 9.5V 19V
(o -state) (Intermediate) (0 -state)

P. Po, P.2  P., P P.,

(a) TE polarization* * *
(b) TM polarization* * *
(d) Cicua

(d) polarization

Fig.5 Near field pattern, for the EODC's output facet at VOV, 9.5V and 19V.
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Table 1. EODC crosstalk characteristics thank A.Ajisawa, K.Nishi and T.Anan for their help
for various polarizations, and valuable discussion.

D -state -_otate References

(V=OV) (V=19V) 1. K.Ishida, H.Nakamura, H.Matsumura, T.Kadoi, and
HLnoue,"InGaAsP/InP optical switches using

TE polarization -15.0dB -14.6dB carrier induced refractive index change,"Appl.
Phys.Lett.50, 141-142(1987).

2. S.Oku, K.Yoshino, and M.Ikeda,"Design and
TM polarization -12.5dB -13.0dB performance of monolithic LD optical matrix

switches,"in Technical Digest of 1990 Topical
450 linear polarization -12.0dB -15.5dB Meeting on Photonic Switching (The Institute of

Electronics, Information and Communication
Engineers, Tokyo, 1990),paper 13C-17.

Circular polarization -12.0dB -13.7dB 3. K.Komatsu, M.Sugimoto, A.Ajisawa, and
A.Suzuki,"Small-size, low-crosstalk GaAs/AIGaAs
electro-optic directional coupler switches with
alternating A3 for long wavelength matrix

switch is 4 times higher than LiNbO EODC switch switches," in Technical Digest of 1989 Topical
Near field patterns for the EODC's output facet for Meeting on Photonic Switching (Optical Society of

TE, TM, 450 linear and circular polarization, are shown America, Washington , DC, 1989),paper FE4-1.
in Fig.5, at various reverse bias voltages. It is clearly 4. E.Kapon, and R.Bhat,"Low-loss single-mode
seen that polarization independent switching operation GaAs/A1GaAs optical waveguides grown by
is realized with low crosstalk. Measured crosstalk organometallic vapor phase epitaxy,"Appl.Phys.
characteristics for each polarization, are summarized in Lett.5_, 1628-1630(1987).
Table 1. Even worst case crosstalk levels were 5. K.Komatsu, and A.Suzuki,"Integrated semiconductor
-12.0dB for (&-state and -13.0dB for G-state. The optical matrix switches for photonic switching
reason why (& -state crosstalk for TM polarization is application,"in Extended Abstracts of the 22nd
worse than that for TE polarization, is that coupling International Conference on Solid State Devices
length for TE polarization is closer to EODC length and Materials (The Japan Society of Applied
than that for TM polarization. Estimated coupling Physics, Tokyo, 1990), paper S-B-9.
lengths are 3.8mm and 4.9mm for TE and TM 6. ILNishimoto, S.Suzuki, and M.Kondo,"Polarisation-
polarization, respectively, independent LiNbO, 4x4 matrix switch,"Electron.

Lett. 2, 1122-1123(1988).

4. Conclusion 7. P.Granestrand, B.Lagerstrom, P.Svensson, L.Thylen,
B.Stoltz, K.Bergvall, and H.Olofsson,"Tree-

A polarization independent GaAs/AlGaAs EODC structured polarisation independent 4x4 switch
switch has been realized for the first time. This result matrix in LiNbO3 ," ElectronLett.24, 1198-
is quite effective to extend application fields of 1200(1988).
semiconductor EODCs, because standard single-mode 8. K.Tada, and H.Noguchi,"Polarization-independent
fibers can be used as input and output fibers, instead semiconductor electrooptic directional coupler
of nonstandard polarization maintaining fibers. switches,"in Technical Digest of Integrated Optics

and Optical Fiber Communication (Institute of
Electronics, Information and Communication

Acknowledgments Engineers, Tokyo, 1989), paper 18D2-2.
9. S.Namba,"Electro-optical effect of zincblend," J.
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course of the work. The authors also would like to switches," Electron.Lett.23, 1167-1169(1987).



CV) 1D a

N Reduction of the Voltage-Length Product for a
G Y-Brmnch Digta Optical Switch

Q -
SResearch aid Devlopment Group, Oki ElectiC Industry Co., Ltd.

550-5 Higashiasakawa, Hachioj4 Tokyo 193, Japan

Abstract operates by this effect shows a threshold characteristic.
The precise control of the drive voltage is not needed for

The structure which shows a nearly constant mode this type of device which improves the tolerances.
coupling peak for a wide range of guide asynchronism is There are two effects those give rise to crosstalks.
described. The device exhibits low drive voltage and Hereafter the crosstalk is defined as a fraction of the
crosstalk. output power, i.e., the relative output, in the not

/ intended output port. One effect is the mode coupling
Introduction and the other is due to the field distribution of the first

order local normal mode.
The waveguide type optical switches which operate If there is a power transfer (mode coupling)between
through modal evolution have attracted much attention first order and second order local normal modes, the
by their digital response against applied voltage [1]. The crosstalk is generated. The most power of the second
most basic form of this switch is the Y-branch optical order normal mode is in the waveguide in which the
switch. Most of the devices reported used straight refractive index is lower than the other, where the
waveguides to form the Y-branch. Some devices with interwaveguide gap is large, contrary to the first order
curved waveguides (shaped branch) were reported mode. The mode coupling effect takes place at two
recently [2][3]. However, the structure was optimized places. The first place is the edge of the electrode near
only for a specific drive voltage and crosstalk. In this the branching point where the index asymmetry is
report we propose structures which are optimized for a introduced. The second place is the region in the branch
wide range of drive voltages, where the geometry of the structure changes along the

direction of the propagation. The last effect is reduced by
Device Structure the curved waveguides as will be described later.

The schematic view of the device is shown in Fig. 1.
The conventional Y-branch optical switch was composed
of straight waveguides (linear branch). In this study, the electrode
curved waveguides are used to improve the waveuide
performance. The length of the electrode measured in the
direction of the propagation z is denoted as L and h(z) is
the interwaveguide gap.

The first order local normal mode is excited at the
branching point (where the coupling coefficient between NZ)
waveguides is K.). The power of the first order local
normal mode transfers to the waveguide in which the
refractive index is enhanced by the electrooptic effect, as
it propagates the branch structure. This phenomenon is
known as the modal evolution. When the difference of 0 L
the refractive index between waveguides (dn) is Z
sufficiently large, most of the power of the first order
normal mode is in the waveguide in which the refractive Figure 1. Schematic structure of the Y-branch optical
index is higher. The drive voltage of the device which switch.

28
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Optimization of device parameters five layer waveguide structure. The waveguide width
The amount of the power transfer between local normal was 7 pm, the wavelength was 1.3 pro, the substrate
modes at the edge of the electrode is described by guide index was 2.14 and the waveguide to substrate index
asynchronism (A P) to guide coupling coefficient (Y) difference was 0.002. The value y is normalized by k the
ratio X.. The parameter Ap is the wave number - index wave number.
asymmetry product which is proportional to the drive Figure 2 shows that y peaks at a specific waveguide gap.
voltage. X0 should be sufficiently small to reduce the The peak of - decreases its level and moves toward a
power transfer at the edge of the electrode. Hence, Ke  smaller waveguide gap, as the index asymmetry dn is
should be sufficiently large. increased.

At the end of the branch, ideally all the power of the Another measure of the mode coupling is d, which is
first order local normal mode should be in the waveguide the width of the peak measured by the coordinate u. The
with higher refractive index. However, the actual field factor A 31/ appears both in Eq. (1) and expression for
distribution of the first order local normal mode is such d. The value of AI3 /6 at the y peak determines the
that some amount of the power remains in the waveguide behavior of the y peak and approximately d.
in which the refractive index is lower than the other. The We can evaluate these parameters using the
crosstalk which arises from this effect is expressed by coupled-mode representation which is a powerful
the guide asynchronism (A 3) to guide coupling prediction tool. In this representation, the peak of y
coefficient (Kd) ratio XL. The parameter K is the denoted as p is given by
coupling coefficient at the end of the branch where the
interwaveguide gap is the largest. To reduce the residual
power in the not intended waveguide, XL should be 'y = (1/4K)[X/(Xp + 1) ]
sufficiently large. Thus, KL should be small to reduce x T 3(pexp['?(hj-hdl (3)
the drive voltage.

We define a parameter R as the minimum to maximum Here, h is the interwaveguide gap where ' peaks, ho is
ratio (KL/Ko) of the coupling coefficient between the intepguide gap at the edge of the electrode and y is
waveguides. This discussion indicates that R should be the transverse momentum component of the light field in
sufficiently small. However, a small value of R indicates the region between waveguides. The parameter X is the
that the waveguide gap change along the direction of the guide asynchronism (A3) to the guide cd'upling
propagation is large. In this case the mode coupling coefficient (K(z)) ratio at the y peak and O denotes the
effect becomes large. Thus from the above discussion, it value of 6 at the peak.
is known that there is an optimum value for R.

The mode coupling effect tends to be small when K0 is Change of the characteristics owing to the
large. Large Ko leads to large KL (=RKq) for fixed R curved waveguides
value. Large K leads to large AP or required crosstalk, As shown in the previous section, the level of the peak y
which means that the drive voltage will be increased- is proportional to the local full branch angle as indicated
Thus, there is also an optimum value for K by Eq. (2), and as the index asymmetry is increased the

peak moves toward a smaller waveguide gap and
Mode coupling due to the geometrical change decreases its level. Thus, if the local full branch angle is
of the structure altered along the direction of the propagation in a specific
The power transfer between local normal modes due to manner, the characteristics of the Y-branch are expected
the change of the structure along the direction of to change.
propagation can be evaluated using the differential
equations. The solution of the differential equation is
obtained as the next equation when A/A1 is sufficiently
small. Here N and A, are the amplitudes of the local
normal modes. apiue ftelcl- hz

e<Zzrhz
I A/A,1  IJCuO/AI.exp(u) dul (1)

where du = AJ31 dz and A 31j is the propagation constant dn 5X10
difference between local normal modes. 0 is the local 2
full branch angle and C is the coupling coefficient CO-
between local normal moes. This equation shows that < k A
the amount of the power transfer depends on the 1XO
parameter C /A13. The measure of the mode coupling U 1

effect [4] is thus d ;ed as 0

y = CO/APi. (2) 0 4 8 12

The peak value of ' sets the upper bound to the amount h(z)( urn)
of the power transfer between local normal modes. The
calculated value of '?is shown in Fig. 3 as a function of Figure 2. Calculated measure of the mode coupling
the interwaveguide gap h(z) for several values of index effect ' as a function of interwaveguide gap h(z) and
asymmetry dn. The calculation was performed using the index asynchronism dn.
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(a) linear branch (b) curved waveguide (c) logarithmic branch

eh(z) -1hij hi

constant e 1(z) large O(z) small e(z) large 6(z) small

large dn [\
large dn small dn small dn large dn small dn

h(Z) h(z) hi h(z)

Figure 3. The measure of the mode coupling yfor several
branch strucur.

In Fig. 3 the schematic description of the measure of 0 5
the mode coupling effect I for various branch structures Ki- =50
is shown. Figure 3(a) shows the case for the linear .,, K4(.QO1
branch. This figure is essentially the same as Fig. 2. 0
When the local full branch angle is decreased at a large ' ."
waveguide gap (denoted as hi in Fig. 3(b) and increased 0.
at a small waveguide gap, the level of the peak becomes 5root curved waveguide
nearly constant for a wide range of index asymmetry dn. 20 ,
The level of the peak at a small index asymmetry Vn
becomes smaller than the linear branch in Fig. 3(b),
which indicates that the drive voltage will be reduced. 30

Fwm the analysis of the mode coupling effect, it is 0 2 3 4

shown that the waveguide gap should be a logarithmic APL/Tr
function of the propagation distance to gain the constant
peak level (Fig. 3(c)) as we now show.

From Eq. (3) it is known that if the structure is Figure 4. Examples of calculated response curve for
designed in the condition various branch structures.

Oexp[y(h(z)-ho)j = constant (4)

then the peak level y. becomes independent of A P. In
this condition h(z) is given as

%(h(z)-ho) = ln[(R4 -I)z/L+ 1]. (5) "linear r-

These assumptions are verified in Fig. 4. The--- -
calculation was performed by the coupled-wave
equations. Although the branch with logarithmic curve "
shows low APL/x value to switch the device, the t-L' log' linear
crosstalk is high for experimentally available KJL value. lne

Two preferred structures
The device composed only of the logrithmic branch (a) Type I (b) Type II
exhibits WV crostalk as shown previously. To
ovrome this problem, we propose two structures. One
smucture is the iermediate between the linear branch Figure 5. Two preferred structures.
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and the logarithmic branch. We name this structure type 0KviA, 001
L The other is the structure which is described as a linear '*= 09
branch replaced by the logarithmic branch near the K.L--34
branching point, i.e., the composite structure. We name (1)
this structure type Il. These amedepicted in Fig. 5(a) and -10-
(b). We used a waveguide curve expressed by the ..

equation shown in Fig. 5(a) for type I structure. For 5
type II, the linear branch and the logarithmic branch are
connected in the condition of yielding the smallest full 0 -20 4
branch angle for the linear part of the branch. >,--

Device Performance
-30

Experimental conditions 60 Ur2
The devices were fabricated on z-cut LiNbO3 substrate. 3L r
The Til stripe width and thickness were 711M and 600A(aClcatdrsoecuv
respectively. The diffusion temperature was 10500C and(aClcledrsneCre
the diffusion time was 6 hours. The 4000A thick SiO2
was used as a buffer layer. The electrode was placed -..1

TE .

A=131.m
L=10mm

0 KdF'.=0.01 0
- tE.=0.01 n=2

-10 KL52%
:3 \1391

'' 26 1__ _ _ _ _ _ _

~ 20~ -020 0 20 40

applied voltage (V)

cl 30 1 23 4(b) Measured response curve

AP L/ TrFigure 7. Calculated and measured response curve for
AI3/Trthe device with ripe IIstructure.

(a) Calculated response curve

above the buffer layer. The semiconductor layer was
used to prevent the pyroelectric effect. The maximumn
interwaveguide gap was 8.5-9 pnm. The interguide gap at

-- TM 1 the edge of the electrode near the branching point was
TM Im. These values were selected to yield R value of

TE '.,. 0.0 1 and KOL of 30-50. The length of the electrode was
%3 % 10mm. The voltage-length product of the directional

A=13pmn coupler fabricated in similar condition was 9 Vcm.
0 Q5 Ll1mm

a, ~~~~~~ ~~~~Typel repnecreoIhedvc ihtp
The calculated rsos uv fdedvc ihtp
structure is shown in Fig. 6(a). The calculation was
performed using the coupled-wave equations. ron the

* -- - calculated results it is kno~wn that crosstalk of less than
-46 -O ' 2 40 -20dB is obtainable above APL/i value of 1.4-1.7 for

vario0 -20 0 0 4 o values himmuyto d KOL vaue
applied voltage (V) deviations indicates the large fabrication tolerance of the

(b) Measured response curve device.
The measured response curve is shown in Fig. 6(b).

The fabricated device was optimie for the I mode at
1.3gmn wavelength. The full swing volage (- twice of

Figure 6. Calculated and measured response curve for the drive voltage) to achieve 15dB crosstalk was 14V for
the device with type I structure. the TI mode. To achieve 10dB crosstalk the swing
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voltage was 1OV. For the TE mode, the full swing to achieve 15dB crosstalk was 15V for the device with
voltage to achieve 15dB crosstalk was 60V. 10mm long electrode at 1.3.m wavelength TM mode.

The design of type I was used.
Type II

The calculated response curve of the type 11 structure is
shown in Fig. 7(a). From calculated results, it is known Conclusion
that crosstalk of less than -20 dB is obtainable above
A 3./i of 1.5 for various Kj values. Two preferred structures, i.e., the intermediate structure

The measured response curve is shown in Fig. 7(b). and the logarithmic-linear composite structure, are
The fabricated device is optimized for the TM mode at proposed. These structures show low drive voltages and
1.3pgm wavelength. The measured full swing voltage to low crosstalks. The voltage-length product was as low
achieve 15dB crosstalk was 13V for the TM mode. For as that of the directional coupler. To achieve the constant
10dB crosstalk the full swing voltage was 9V. The mode coupling peak, the interguide gap should be the
parameter 7r is the level of the y peak at the logarithmic logarithmic function of the propagation distance. The
part of the branch. For the TE mode, full swing voltage design was applied to the 2x2 switch and the basic
was 56V to achieve 15dB crosstalk. performance of the device was demonstrated.

2x2 switch
The schematic structure of the 2x2 switch using our
method is shown in Fig. 8. The measured swing voltage References
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Abstract System Environment for an Access Switch

We present the architecture and systm perforac The futur broadband local exchange is assumed to comn-
masurements for the first photic switching demon- prise an Access Switch which has the function to switch
strw within the Europen RACE pogram, an Optical bidirectional Inf Bloc (IB's) at 155.520 Mbs
Access Switch. Other applications and evolutionary as- from the subscriber lines to anyone of the following-
pects are discussed. r RThe tunk network, via a Digital Coss Conne

Introduction (DCC), in the case the 11B is a leased line
AsaA Disribuive Services (DS) SIM switch, for

Photornc switching is expected to be i pornmt in solving example used for TV dist asbution
the switshing bottleneck in future hand commoni- ACe muSit wh ic s he f tt switch• A Distriutive Services (S) SM switch o

cations systems, where the requirements on the switches for different kinds of communicative services
can be increased by as much as three orders of magnitude.
The first application of photonic switching is expected to An ATM switch for all types of ATM services
be in the transport network: to increase its capacity, flex- Associated with each subscriber line is a Line Tenni-
ibility and reliability. nation I Exchange Termination (LT/ET) which also per-

In this paper, we describe the first photonic switching forms electronic multiplexing and demultiplexing of
demonstrator within the European RACE program. The B's. The block diagram of the local exchange is shown
system demonstrated is an Optical Access Switch, in the in Figure 1.
context of a bmadband local exchange. Systems architec-
ture, hardware as well as systems performance are de- The Optical Access Switch Demonstrator
scribed. Evolutionary aspects in the systems and technol-
ogy areas will be treated. The demonstrator has all the functions of the above men-

tioned Access Switch with some exceptions. The imple-

Objectives mented functions are distributive switching (demonstrat-
ed with selective TV broadcasting), communicative

The objectives of the Optical Access Switch Demonst- switching (demonstraed with communicative video) and
to are to demonstrate the application of optical switching concentration (used for cost reduction).
in a future broadband local exchange and to evaluate the No LT/ET devices are used at the subscriber termina-
performance of optical switches in a switching fabric, don. Hence the subscriber fibres are carrying only one IB
The realization of the demonstrator is also expected to each, nevertheless bidirectional communication is per-
give important experience valuable for the implementa- formed on the fibres using Wavelength Division Multi-
don of new demonstrators using the latest teclology in plex (WDM). Furthermore, the actual bit rate in the de-
the field of optical switching. monstrator is 140 Mb/s. The reason for this is that coin-
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Figure i. A The Access Switch has the function to switch Interface
Blocks from the usr Rl.

mercial equipment such as optical transmitters, 60io switch matrixes are designed for a specific wavelength
receivers, coders and decoders are easily available for--,-,. window (1300 nm or 1550 nm). To perform communica-
this bit rate. "rive switching between two subscribers, some kind of

The switching components used in the demonstrator wavelength conversion is required. In the demonstrator
are 4 x 4 optical switch matrixes developed by Ericsson this is perford by a 1550 nm receiver and a 1300 un
(1). The switch matrixes are made in LiNbO3 technology transmitter coupled back-to-back. The Optical Access

with the following main characteristics: Switch is shown to th-upper right in Figure 3.

Polarization independent An incoming signal on otieof the subscriber lines first
enters a WDM, which separates theincoming signal from

* Cross-talk < -20 dB (optical) the outgoing signal. Then it enters the optical 1550 nm

Insertion loss = 10 dB switch matrixes which switches the signal towards the
wavelength converters. Then the signal is switched out

* Broadcasting capabilities through the 1300 nm switch matrixes and is multiplexed

• Strictly non-blocking onto the pertinent subscriber fine.

Available for either the 1300 nm or the
1550 nm windows

Switching voltage ± 60 V, 3 dB splitting at 0 V Inputs

In Figure 2 the structure of a switch matrix is shown. 1
it is composed of 24 1 x 2 switch elements in a splitter-
combiner structure. Each switch element can be set to one 2 2

of three states: input power transferred to output 1, input
power transferred to output 2 or input power equally split 3 9

between the outputs.
The Optical Access Switch can terminate up to eight

subscriber lines. The wavelength 1550 un is used for the
incoming IB's and the wavelength 1300 nm is used for
the outgoing IB's. The transmission directions are demul-
tiplexed in WDM's at the subscriber termination in order
to make it possible to switch the different wavelengths Figure 2. internal structure of a 4 x 4 optical switch ma-

separately. This is necessary due to the fact that the trix. Every output can be connected to an arbitrary input.
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The optical switch matrixes are controlled via a serial products from Ericssons's 140 Mb/s Fiber Optical Line
interface with logical levels. In the demonstrator no sig- Transmission System. The WDM components are made
nailing takes place, which means that the routing has to by JDS.
be externally controlled. This is done by a PC via the se-
rial interface. A special software which performs auto- Performance Measurements
matic or manual routing through the Optical Access The optical switch matrixes are the major source for pow-
Switch has been developed. er losses in the optical signal path. The loss through each

A total of four subscribers with different equipment switch matrix is about 10 dB. However, the span between
are connected to the Optical Access Switch. Two of the the transmitter output power level and the receiver sensi-
subscribers are equipped with a TV-monitor and a video t. ism 33 dB, wlve agd power margi-telehon. Te vdeotleponeis ompoed f aTV- tivity is 33 dB, which still gives us a good power margintelephone. The videotelephone is composed of a TV- in the system.The power levels and the loss distribution
monitor and a camera and could thus be used also for in the OptemlThe pwr lvs anditheilossveistribution
watching TV programs (multifunction terminal). These in the Owical Access Switch for a distributive connectionsubsribrs eed wo B'seach an ths isarrnge by are shown at the top in Figure 4.
subscribers need two IB's each, and this is arranged by The cross-talk introduced from the communicative
assigning two subscriber lines each to them. The other connections and the distributive connections have both
two subscribers are equipped with a single TV-monitor been investigated. In the case of communicative connec-
and no video telephone. tions the signal has passed through two cascaded optical

The distributive services are supplied from of a Ser- switch matrixes and no switch element is set in broadcast-
vice Provider which can distribute two TV-channels to an
arbitrary number of the connected subscribers. The distri- ing mode. The cross-talk was found to be < -25 dB in ev-
butive channels are inserted in two of the switch matrixes distributive signal sources turned off. In the case of dis-
in the Optical Access Switch as shown in Figure 3. tributive connections the signal was broadcast to two out-

All TV signals in the system, including voice, are put terminals and the cross-talk at the other terminals was
coded to 70 Mb/s and carried in a 140 Mb/s structure measured. Tihe ross-talk was found to be < -12 dBin ev-
(= 1 IB) in which the excessive capacity is not used. All ere th cross-talk0wsofound tose < -12 dB ihe
coders and decoders used in the demonstrator are system cry outing case (in 70% of the cases <-16 dB). Thecompnens fom ricson' Fier pticl CTV ys- cross-talk from the communicative signal sources was incomponents from Ericsson's Fiber Optical CATV Sys- this case negligible.
ten. Similarly, the optical transmitters and receivers are

........... .::.............::::::::.........:::

...... ...... .......... ...... :.: :. ...... ......: .

Figure 3. The Optical Access Switch Demonstrator confration. Four subscribrs (left) and two distribuve
TV souces (bottom right) wre connected to the Optlcoi Access Switch (uper right) which can perform corn-
mwuicative and distributive video switching. The Optical Access Switch is controlled from a PC.
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The system penalty originated from the degradation are shown at the bottom in Figure 4. As for the commu-
of the receiver sensitivity due to the insertion of the Op- nicative connection, the penalty originated from the Op-
tical Access Switch and the system penalty originated tical Access Switch is < 0.1 dB. In this case the cross-talk
from different cross-talk generating sources are mea- from the other distributive signal source degrades the sys-
sured. For both halves of the communicative connections tem, but the total penalty is still < 0.5 dB. The cross-talk
(transmitter to wavelength converter and wavelength from the communicative signal sources is negligible.
converter to receiver) the system penalty from the Optical
Access Switch is very low, < 0.1 dB. The cross-talk from Technology Upgrade and Evolutionary Aspects
the other communicative signal source has no significant In order to implement a reasonably full scale system of
influence on the BER in this case. In the case of distribu-tive switching, only the 1300 nm switches are of iners the kind reported here, upgrades in a number of technol-
tgive n swi chi ttnly the0 runesult afrhe ofinereset ogy areas are necessary. The size of the Access Switch

in the given architecture. The result of the measurements has to be increased significantly. Here, larger monolithic

matrixes can be made in InP, integrating optical amplifi-
Distributive Connection, 1300 -i ers and switches (2) or using Er fibers as amplifiers. The

sizes can further be increased by using optical intercon-
m Power nects, e g involving optics on Si, to cascade switch chips.

Level As far as cross-talk and losses are concerned, required
p~w switch sizes are feasible (3),(4). Another important up-z grade concerns using multiple wavelengths to increase

Mthe capacity of the switch. The way the routing informa-
-10 non is transferred to the switch is also important. In the

case of using multiple wavelengths, the routing informa-
tion could be provided to the switch on a specific wave-

.20 surer, length, especially assigned for signalling, maintaining the
M transparency of the system. Photonic switching is of great

interest even for other system applications than the Ac-
-30 cess Switch. One example is the Optical Cross Connect.

All these areas are subjects of our current work.
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Abstract connections using guided waves in polyimide.
Free-space digital optics is one extreme of the possible

The design of free-space digital optical systems is alternative roles light may play; massive interconnection
discussed. Several examples are presented which density with over 1000 channels operating in paralleL
emphasize the interdependence of each component. Free-space may ultimately provide larger interconnection

density than conventional electronic techniques. At this
time. large arrays of emitters or modulators interfaced

1. Introduction directly to conventional silicon-based logic are
unavailable. The growth of direct gap semiconductors

Two methods exist for communicating high bandwidth (such as GaAs) on silicon and attaching an array of
information; light and electricity. It is clear that the optical modulators or emitters to an electronic chip using
optimum choice for long distances (-Ikm) is light hence a technique such as flip-chip (bump-bonding) are both
the adoption of fiber for telephony. It is equally clear that addressing this problem. System issues will continue to
over short distances (<1mm), the optimum choice is be investigated using optically bistable devices until these
electricity hence its use for gate-to-gate interconnection in technologies succeed.
a chip. It has been shown that as the distance between the The recent development of large two-dimensional
transmitter and receiver increases, the energy required by arrays of digital, optically bistable devices has facilitated
an electrical connection, increases more rapidly than if the construction of test-bed, free-space photonic
optics is used[1). It is difficult to justify the use of optics switches[2,3] and optical processor sub-systems[4,51. The
over short distances and conversely, electrical connection high switching energy (-several picojoules) and low
is not ideal except over the shortest distances. The functionality of bistable devices limits the usefulness of
ultimate optimum choice for chip-to-chip and board-to- these proof-of-principle experiments. Lower energy
board interconnection is unclear, devices with increased functionality, so-called 'smart'

There is interest in 'enhancing' the interconnection of pixels, are being developed. There is a need to separate
electronic logic using optics (OEICs). There may be the three functions performed by the device; detection,
some, as yet unidentified, combination of circumstances thresholding and modulation (or emission). This will only
(number of connections, bandwidth, interconnection be achievable with the integration of between several and
distance, fan-out, noise and ground loop immunity, a hundred electronic gates between the detectors and the
reliability, functionality, cost, weight and size) where modulator (or emitter) of each pixeL Thus there are two
optical interconnection is the most appropriate choice, directions which will eventually converge to a similar
Individual LEDs and lasers coupled into a fiber connected family of devices. One adds optical 'ports' to VLSI, the
to a detector are already being used in high performance other adds electronics to an optical port.
computers to provide some of the connections between It is a desirable goal to decouple, as much as possible,
frames. One-dimensional arrays (-18) of fiber ribbon the design of each component within a system. Free-space
connectors are also available for this purpose. There is photonic switching is currently in a phase of technology
research on optical backplanes which provide the development. It is likely that every electro-optic,
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optoelectronic, optical and mechanical component that is may vary by 2nm or more after the current has been
currently being used will be changed in future systems. changed since a constant laser temperature may not be
There is latitude for improvement in almost every aspect reached for several microseconds after the current pulse.
of each component. Decoupling would simplify the An external modulator or a sophisticated laser structure
independent development of components. However, this may be required unless a device such as a S-SEED, which
is not yet possible to a significant degree. The aim of this is relatively insensitive to contrast and wavelength since it
paper is to emphasize the interdependence of each is a differential device, is used. A system which is tolerant
component within a system and show that it is vital to to a range of contrasts is advantageous since it allows a
consider the overall system performance when judging reduction in sensitivity to both device temperature and
the impact of improvements in each component or sub- laser wavelength.
system. Device area is another factor which determines the

High density interconnections are required in a switch performance required by the other components. The
fabric. The fabric is the part of the switch which routes device switching energy is linearly dependent on its
data from the input to the required output The input to the area[7]. Thus, it is desirable to use the smallest possible
switch is not in a format suitable to send directly to the devices. However, small device area has drawbacks. The
fabric. It includes the routing information required by the lens f-number required to efficiently couple the light from
computer controlling the switch, the path hunt processor, the laser into the device must be small. For example,
and signalling protocol information that must be extracted whereas a diffraction limited f/3 lens will couple 99% of
and processed. The input data must also be re- an aberration-free 850nm beam incident on it into a lOpm
synchronized and bit-aligned. Therefore, the operating diameter device, a ff1.5 lens is required if a 5pm diameter
wavelength of the fabric is unconstrained. It does not device is used. In addition, the depth of focus of the spot
need to match the transmission wavelength. Similarly, size required by the smaller device is four times smaller.
with demultiplexing, the fabric data rate does not need to A six-axes goniometer may be required to align the array
match the transmission data rate. of devices with the array of focussed beams. This may be

both the largest and most expensive component in an

2. Devices experimental system. The smaller device size necessitates
higher precision in all 6 axes: by a factor of four in tilts

The suitability of optically bistable devices providing and translation along the optical axis and by a factor of
high interconnection density in a switching fabric is being two in roll and the other translation axes.
assessed. Each two-dimensional array provides data Another effect of a decrease in device area involves the
regeneration in a manner similar to electronic gates. Thus, other optical components. The decrease in f-number
although the devices must switch states at the fabric data required can be achieved either by increasing the spot size
rate, high output contrast and low loss are not required. of the collimated beam incident on the lens or decreasing
Any comparison with systems using data 'transparent' the lens focal length. Any other lenses in the system, such
devices, such as lithium niobate waveguides, is as those used in the interconnect are affected by these
complicated since they operate as relational rather than changes. The usable aperture of the other lenses (the
'logical' (or latching) devices[6]. diameter which is corrected for aberrations if a diffraction

The interdependence of each component can be limited optical system is required) must accommodate
illustrated by considering the devices used in a free-space any increase in the collimated spot size. In addition, any
switch. The switching energy of the most promising decrease in focal length entails a magnification change.
device demonstrated (GaAs Symmetric Self Electro-optic The spacing between the array of laser sources, typically
Effect device: S-SEED) is low enough (-5pJ) to allow the provided by a phase grating or a microlaser array, is
operation of small arrays (-250) at slow speeds (<MHz) determined by the magnification.
with a single 10omW diode laser powering the whole Device spacing (S) is another parameter which is
array. One effect of operating these devices with the strongly coupled to the specification of the other
incorrect wavelength (-2nm from optimum) is a components. Small device spacing is required to maximize
reduction in contrast from -6:1 to -2:117]. The optimum the number of devices within the field of view of the lens.
wavelength is temperature dependent due to the The flatness of the field required is determined by the
temperature dependence of the GaAs bandgap. depth of focus, image tilt introduced optically and device

The output wavelength stability of a 'single-mode' tilt uncorrected by the device mount In addition, the
diode laser is poor. The emitted wavelength is a narrow allowed distortion introduced by the lens over this field is
line only in a small range of current and temperature. dependent on the type of interconnect used and the device
These lasers are attractive because of the relative ease area. Consequently, the specification of the lens is highly
with which they can be modulated, low cost and small dependent on the device spacing.
size. However, the emitted wavelength at constant current
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3. Array Generation

Phase gratings are often used as power splitters to divide PMA

the power from the source into a square array (NxN) of "
equal power beams. The performance of a phase grating Ll
couples and constrains the number, size and spacing of
beams since the period must simultaneously satisfy three .. QWP
constraints.
i) The phase grating period Pis equal toXUS (typically
P-Imm)[8].
ii) The number of beams (N) determines the size (<P/N) output
and number of features (-N) within one period.The
minimum feature size it is possible to fabricate (typically
>l im) thus determines the minimum period size. MI L2 QWP PBS
iii) Aliasing, which results in power non-uniformity, may
occur if insufficient periods ae sampled by the beam. No input c
significant degradation in uniformity due to this effect is
noticed if the ratio of the diameter of the Gaussian beam to
the period is greater than -3. Figure 1. Schematic of the optical components in the

Fortunately, smau arrays (N<64) of closely spaced crossover interconnection, p, s and c are polarization
(S=4Opm) devices and readily available, fast (f/#<1.5) states.
lenses are compatible with these constraints. Device
spacings less than -15im result in both undersampling of
the grating period by the beam and a requirement to use The output of the crossover interconnect are two arrays
fast, short focal length lenses with large angular fields (>8 of beams; one array is a copy of the incident array, the
degrees). Device spacings of greater than -100pm require other is the 'crossed' version (Figure 1). In these
fast, long focal length lenses (>18mm) with large angular demonstrations, the array is generated using a phase
fields (>28 degrees). The requirement, with Mhis low fill- grating. The two arrays of beams are therefore mutually
factor, of such a large field is so undesirable that coherent. Two beams, one from each array, are incident
alternative illumination methods must be considered[9]. on the same area of each S-SEED to minimize device

Diffractive array generation may constrain the laser area. A feature of the crossover is that the two arrays of
wavelength more tightly than the device characteristics, beams have orthogonal polarizations and interferene is
The distance of the focussed beams at the comers of the avoided. The drawback with this technique is that a
array from the optical axis is 42(N-l)X/P. Consider the complicated optical arrangement is required to
situation with N=16, S:20m and a device diameter of 'losslessly' combine the two beams on the S-SEED along
5Pm[3]. In this case, an error in wavelength of 2nm with another required to read out its state. The
changes this distance by 0.5pin. However, the position arrangement involves a triple isolator (a polarizing beam
shift, 2Pm, with a larger army (N=64) may not be splitter with three quarter wave plates attached to it), two
negligible, high quality lenses and two patterned mirrors which must

both be moved in four axes (Figure 2).
4. Optical Interconnect In addition, the interconnect itself requires a double

isolator, two lenses, a mirror to provide the straight
Two digital, free-space switching system demonsmtions connection and an array of roof mirrors to provide the
have been constructed using S-SEEDs[2.3]. Both use the crossed paths. The roof mirror ay is also mounted on a
crossover interconnect which is topologically equivalent four axes micropositioner. The precision to which it is
to the shuffle[10]. This interconnect was chosen because necessary to align the degrees of fiedom in this optical
of its unique properties of being, in principle, both arrangement is linearly dependent on the magnification
lossless to power and optical resolution. Other between the S-SEED army and the army of roof minurs.
interconnects which ae topologically equivalent to the Thus, it is impossible to decouple the design of the
shuffle involve either anamorphic magnification of the interconnect from the design of the rest of the system
image, the use of a separate lens or series of lenses for since the focal lengths of the lenses used throughout the
each channel or an may of lenses. These alternatives are system, determine the precision to which it is necessary to
unattractive since the demonstration systems am intended fabricate the array and the quality of the optomechanical
to operate with diffraction-limited performance to components used.
maximize energy coupling into the smala devices.
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. Unformity Image plane miulignment is another source of non-
uniformity. A system with six image planes and involving

A system based on S-SEEDs performing logical decisions six passes through a polarizing beam splitter has been
on data inputs has been constructed[3] (Figure. 2). In such operatedD]. Non-uniformity couples the components
a system, the uniformity of the power levels in the array since the angular performance of lenses and beam
of beams is impo rptL Differential gates operate correctly splitters can only be specified if the non-uniformity
only with a small variation (-20%) in the uniformity. introduced by the in lanes can be measured.

C,R,&L !C.P,&L

I~em I~'~ D I

=4I Objective lens

i D

Binag Phas grazingU

41 Brewste teescope
,@P &OL Fiber bundle

Figure 2. Schematic of a demonstration system which
interconnects 3 S-SEED arrays (Sl-3).

How this variation is divided between the many Similarly, the allowable variation in the phase grating
possible sources, the non-uniformity 'budget', is another is dependent on the non-uniformity introduced by every
source of 'coupling' between components. Typically, the other component. It is not helpful to blindly demand
source array (BPG) contributes +-4%. This may be improved performance in some characteristic of a
dependent on the minimum feature size and sampling component since it is rarely achievable without cost. For
error and is therefore coupled to the specification of the example, the field of view of a PBS can be increased
other components. using high index glasses which give rise to higher fresnel

The performance of each lens in any system degrades losses. The field of lenses may be increased by an
at higher field angles. Thus one would expect that after increase in focal length or adding elements, both of which
passing through several lenses, even though they may be may be undesirable.
well-corrected, the off-axis beams would be aberrated
more than those in the center of the field. Another source
of degradation of off-axis beams is the small angular field
of polarizing beam splitters. The transmittance of p-
polarized light drops to -95% of the zero field
transmittance at a field of 5 degrees.
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6. Conclusion Richards, F. B. McCormick, E. Kerbis, J. L. Brubaker and
A. L. Lentine, "An all-optical implementation of a 3D

This paper has detailed some of the ways in which the Crossover Switching Network," IEEE Photonics
specification of each component of a digital free-space Technology Leters 2 438 (1990).
photonic switch are coupled. Such systems may [31 F. B. McCormick, F. A. P. Tooley, T. J. Cloonan, J. L
ultimately be capable of providing massive connectivity Brubaker, A. L. Lentine, S. J. Hinterlong and M. J.
of high speed signals. The production of large 2- Herron, "A digital free space photonic switching network
dimensional arrays of optical devices which are demonstration using S-SEEDs", CLEO 1990 Technical
cascadable has enabled a new technology. This is a recent Digest Series, Vol. 7, (OSA, Washington, DC 1990),
development. Consequently, only a few free-space digital postdeadline paper CPDPI, see also Proceedings of the
optical circuits have been constructed. The systems SPIE Optical Engineering Midwest Conference, October
operate with a performance well below that achievable 1990 and the Proc. of the OSA Topical Meeting on
with conventional electronics. However, their Photonic Switching, Kobe, Springer Series in Electronics
construction validates the confident prediction of the and Photonics, VoL 29, page 30, (1991).
feasibility of more viable full scale systems. It also [4] M. E. Prise, N. C. Craft, R. E. LeMarche, M. M.
enables the assessment of both components and Downs, S. J. Walker, L. A. D'Asaro and L. M. F. Chi-
architectures in a test-bed system, providing feedback to rovsky, "A Module for optical logic circuits using S-
improve individual aspects of the overall system. SEEDs", Appl. Opt., 29(14) 2164 (1990).
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construction and successful operation of complex systems Computing II, (1990).
are important milestones in the development of a new [6] H. S. Hinton, "Architectural Considerations for
technology. They play an invaluable role in focussing the Photonic Switching Networks", IEEE Jour. Selected
attention on the practicality of free-space digital optics. Areas in Commun. 6(7) 1209 (1988).
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Abstract caled Extended Generalized Shuffle (EGS) networks

A new class of switching topologies known as Extended tha stsfy anl of these requirements~l]. We will also de-
Generalized Shuffle (EGS) nietworks is presented. an scribe a new type of simple switching node (called a 2-
we show that dhe flexibility of these network mae module) which can be used effectively for routing data
them well-suited for photonic switching applications. within an EGS network. We will then study the unique

We then analyze the hardware costs (# S-SEED arrays) trade-off between hardware cost and blocking probabili-

and various operating characteristics (blocking probabil- ty within the EGS class of networks. Finally, we will an-

ity, fault-tolerance, and system downtime) of these net- alyze the fault-tolerance and the system availability of

work topologies. We also present a new type of EGS networks that are implemented using 'real world"

switching node (a 2-module) for use in EGS networks, devices which may exhibit failures.

and we show that 2-modules can be efficiently imple- 2. Background on EGS networks and 2-modules
mented using available optical logic devices. It is shown An N-input, N-output multi-stage interconnection net-
that an optical implementation of these networks nay work (MIN) contains multiple stage of nodes (node-
yield a cost-effective way to capitalize on the bandwidth stages), and each consecutive pair of node-stages is con-
and parallelism of free-space optics. nected by the links within a link-stage (Fig. 1). Nodes

/ provide the active routing of data, while links passively

1. Introduction transport data from one node-stage to the next. The
nodes within a MIN can be implemented in many differ-

To efficiently utilize the bandwidth and parallelism of- ent ways[2], and the functionality of the node will affect
fered by free-space optics, new switching network to- many of the operational characteristics of the MEN. In a
pologies must be developed that can capitalize on the photonic implementation of a MIN (Fig. 2), the nodes
novel benefits of photonics while circumventing its can be implemented using optical logic device arrays in
short-comings. In particular, the topologies must (1) which the data signals are modulated beams of light
take advantage of 3D connectivity between planar ar- propagating orthogonal to the device arrays (such as
rangements of optical logic devices, (2) use interconnec- Symmetric SEED or S-SEED arrays)[3]. The link-stage
tions that are easy to implement in optics, (3) require connections can be provided by directing these beams of
low fanin and fanout on the logic devices to maintain light through free-space using bulk optical components
large noise margins and signals levels, (4) offer a high (lenses, minors, etc.). Control of a MIN is often placed
degree of fault-tolerance for the emerging logic devices, in a centralized processor which calculates available
and (5) be flexible enough to adapt to changing technol- paths through which new data can be routed, and the re-
ogies. In addition, the topologies should provide very suits of this path hunt operation are injected as control
low blocking probabilities and should permit multi-cast- signals into the nodes of the MIN.
ing operations for switching of broadband video and EGS networks[l] are a broad class of MINs that do
data taffc in the future. not place any restrictions on the number of nodes within
We will describe a new class of network topologies the node-stages or on the number of node-stages within
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Section Section Section
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Figure 1. 3 sectins of N-input, N-output EGS network.

the MIN. In addition, EQS networks do not require the (NF,S>=(4,4,4). If the fanout and fanin sections are ima-
nodes in the network to have any particular functional- plemented using optical logic devices acting as binary
ity, so acceptable EGS networks can be designed using splitters and binary combiners, respectively, then the to-
nodes with ninputs and moutputs, where nand mcan tailnumber of node-stages (T) required inan EGS net-
be any positive integers. The only requirement placed work defined by (N,F,S) is T = S + 2log 2F. The size of
on EQS networks is that the link-stage connections be the device arrays in EGS network implementations is
topologically equivalent to the connections in the per- primarily determined by the network fanout, because an
fect shuffle[4]1. Thus, any of the proposed photonic inter- EQS network defined by (N,F,S) will require a device
connection schemes that provide connections between array of size:
planar device arrays and are topologically equivalent to
the perfect shuffle (such as the 3D crossover)[5] can be
used to implement a photonic EQS network NF - by 2

We will limit our analysis to a small subset of the
general EQS class of networks. This subset will have N- Thus, the (4,4,4) network in Fig. 1 would require 8
inputs, N-outputs, a fanout section, a switching section, node-stages with NFt24 nodes per node-stage, and
and a fanin section (Fig. 1). We will also limit our analy- each device array would be of size 4-by-2. as illustrated
sis to 2-input, 2-outpt switching nodes. If the fanout of in Fig. 2.
the network is F, then each input port is connected to F We have limited our analysis to 2-input, 2-output
links entering the first stage in the switching section. If nodes. A 2-module is a new type of 2-input, 2-output
the fanin of the network is also F, then F links from the node that was developed for use in photonic switching
last stage of the switching section are connected to each applications. A 2-module OR's the two inputs together
output port. As a result, every node-stage it the witch- and passes the results on to the two output ports only if
ing section must contain NF/2 2-input, 2-output switch- the gate is enabled by a control signal. This control sig-
ing nodes. The switching section in the center of the ha a be injected into the network using many differ-
network contains S node-stages. Thus, the triplet (N,F,S) ent schemes[6]. However, because of its simplicity, a
can be used to uniquely specify the dimensioality of an single 2-module can be implemented using a single 5-
EQS network having the topology shown in Fig.1. The SEED[3] if an electronically-controiled SLM is placed
particularEGS network in Fig. 1 is defined by in the path of the clock signals (spot arrays) that are di-
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rected at the S-SEED array, as was demonstrated in an ue). This F vs. S plot indicates that for non-blocking
experimental prototype.[5] The electronic processor operation, larger values of F will typically require small-
conrolling the SLM can permit only one of the two in- er values of S, and smaller values of F will typically re-
puts entering a 2-module to be enabled (clocked in the quire larger values of S. Thus, EGS networks can
previous node-stage), and the other input must be dis- capitalize on advances in optical fields of view and de-
abled (unclocked in the previous node-stage). Thus, the vice array sizes, because these advances will permit
use of 2-modules adds new constraints to path hunt and larger values of F and smaller values of S. Fig. 3 also
routing algorithms for EGS networks. shows a F vs. T plot indicating the total number of node-

stages required for strictly non-blocking operation (the

Fanout• gray region). The optimum operating point using current
(array si) devices (which tend to have smaller sizes) is indicated

by the black dot in Fig. 3, and it shows that a strictly
4096 .... I...........A........... ...... non-blocking photonic EGS network with N=256 inputs

(1024x512) a a i a * will require19 device arrays of size128-by-64. Theop-
timum operating points have been calculated for strictly10241 m 'k. i,... P ... 4....,... ...."

124 *' " '0' .. non-blocking EGS networks of various sizes (N), and
(512x256) on-blckin the results are shown in Table 1.

.: i i 8 Table 1. Hardware requirerments for
non-blocking EGS networks.

(128x64) "W

lBlockin 1 : # network # logic gates
1 ...... ,..... . ....... inputs (N) per device arry # device arrays

(64x32) : " i
l ii ii iii ii ti

4 iii ! i !ii I ti i i16 8x16 10
4~~~ ~ ,. ....i....i. ..i..-i....-. ...i.i.. ....... 6

(32x16)" iii"ii " ".= " .
a: :a:: i i i iI: a S

" " 32 16x32 13
(16x8) -I i I I I I I I I I I I I I _

0 1 2 3 4 5 6 7 8 9101112131415 -S 64 32x64 15

11 13 15 17 19 21 23 25 -*T 128 32x64 18

Figure 3. Required F vs. S (F vs. T in gray region) 256 64 x 128 19

for N=256 non-blocking EGS network.

3. Operating characteristic: ofEGS ntworks 512 64x 128 23

The EGS class of networks covers a broad range of net- 1024 128 x 256 24
works that includes both strictly non-blocking networks
and networks with finite blocking probabilities. They 2048 256 x 512 26
can also be used for point-to-point operations or multi-
cast operations. Analytical models have been developed 4096 256 x 512 28
to characterize the performance of both blocking and
non-blocking EGS networks, and the accuracy of these
models has been tested and validated by computer simu- Although some switching applications require strictly
lations. These analytical models have shown that any N- non-blocking operation, many applications can tolerate
input EGS network can be operated as a strictly non- small amounts of blocking within the network. The
blocking network if the fanout F and the number of stag- hardware costs of photonic EGS networks can be great-
es S are increased beyond certain threshold levels. There ly reduced if the application can tolerate finite blocking
are a large number of possible combinations of F and S probabilities, because F and S can typically be reduced
that can produce strictly non-blocking operation, and from the values shown in Table I for strictly non-block-
these many combinations are shown by the solid black ing operation. This effect was analyzed using computer
line in Fig. 3 for a network with N=256. (Note: The cor- simulations that monitor the blocking probability as S is
responding device array size is shown below each F val- varied in an EGS network with fixed N and F. The
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Figure 4. Blocking probability vs. S Figure 5. System downtime vs. WMBF of lasers
for N=256, F= 6 EGS network. in N=256 EGS network.

results for a network with N=256 and F=16 (shown by 4. Conclusions
the dashed line in the blocking region of Fig. 3), a The EGS class of networks offers designers of pho-
plotted by the solid dark line in Fig. 4, and the resulting tonic switching systems many degrees of freedom to
blocking probabilities dro rapidly as S is increased. If a customize the network to the developing technologies.

blocking probability Of 10 is acceptable, then an N=256 in addition, its low hardware costs, low blocking proba-
EGS network with S--9 and F=16 would be sufficient. bmlties, and high degrees of fault tolerance make it an
Since this corresponds to a network with T=17 node- ideal candidate for many photoic: switching applica-
stages of size 64-by-32, the savings in hardware cost tions.
over the values in Table 1 should be evident.
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Abstract critical issues is necessary to make the architectural, device,
opiclan oporechaica modifications reqird t bring thi

A prototype digital free-space photonic switching fabric has technology to fruition.
been demonstrated. It consists of three cascaded 16x8 arrays of
Symmetric Self Electro-optic Effect Devices used as logic gates Architectural Issues
that implement part of a multistage interconnection network. We
discuss the achitecture, device toleracing, optical system The fndamMuta goal in any switching architecue is to provide
design, and optomechanical design. This optical crcuit was connectivity between input ports and output ports in a ctrolled
successfully configured as a fully operational array of 32 fashion. Most architectures ae nldstage interconnecdion
independent 2x2 nodes and operated at 100kHz. networks (MIN's) with stages of switching nodes (node-stages)

connected by stages of links (link-stages), as in Figure 1.
The routing of the data occurs in the switching nodes, and the

Introduction ruted data is passed from one stage to the next stage via the
Sconnecting links. Switching networks typically consist of

Research in ree-space photonics as a way of exploiting the lag several types of sub-units that perform different functions
parallelism or spatial bandwidth of optics is a topic of cuynt necessary to the overall system operation. Sub-units include the
interest1]. Up to this time, system experiments with Symmetric contriler, the lin int perfa r and the switching fabric. Due do the
Self Electro-optic Effect Devices (S-SEEDs)2] have high degrees of specialized processing required in the contller
demonstrated increasingly complex interconnection of rrays, and the line interface, these fin cfional sub-unt s ae more easily
using only the latching functionality of S-SEEDs, and up to 32 implemented via all-electronic implementations. The operation
(4x8) S-SEE d in each array[3,4]. The experiment described inote switchig fabric may be able to capitalize on the features
this par represents the first demonsation of arrayogic with of free-spce optics, because it requires a lage onuber of
S-SEEN, ad demonstrates the functionality required so relatively simple interconnections.
implement multistage switching and computing systems[5]. The Two basic components within any switching fabric ue the nodes
emphasis of this work is so investigate the constraints and limits
of curently proposed techniques for implementing free-spcne
digital optical logic systems. These limits set specific
requirements on the optical and mechanical performance of the -

system. --t .T,
The primay purpose of this paper is to presnt a detaled

discussion of the major issues involved in implementing a free-
space phoonic interconnection network. An experimental test-
bed was constructed for this investigation to identify and to gain
insight into the critical practical issues which can affect system _1

performance. These issues include the accumulation of signal -t
level non-uniformity and its effect on device performance,
optical and opto-mechanical complexity trade-offs, system
modularity and reliability, and the development of analysis end
alignment tools and techniques. The identification of these Figure 1. A Multistage Inzerconraection Network.

48
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and the interconnections. The simple node shown in Figure 2 In addition, the crossover - - can be
has two inlets and one outlet, so it is called a 2x1 node. implemented in optics using relatively simple, low-loss optical
It is comprised of two AND gates and one OR gate logically hardware[6]. For a fabric with N 2xl nodes in each node-stage

connected to form a multiplexer circuit. If the AND gates are and crossover interconnections, full-connectivity between the
placed on one device army and the OR Sae is placed on input ports and output ports is achieved in the fabric with only
another device array, then the combination of the AND gate log2(N)+l nodes.
array, the optical interconnections, and the OR gate array An experimental test-bed was designed which would
creates a node-stage that can be used in a MIN. The node also demonstrate (1) the functionality of the link-stage connections,
requires two enable signals to be directed at the input AND (2) the functionality of node-stage connections, (3) the parallel
gates. These enable signals determine which of the two inputs operation of several 2xI switching nodes, and (4) the
will be routed through to the output of the 2xl node. Two 2xl operation of a working input interface into the network. The
nodes (appropriately connected) can be used to implement a hardware shown in Fig. 3 is only a portion of a crossover
2x2 node[51. switching network, so it does not permit full-connectivity
The connections within the node and link-stages implement between all of the input ports and output ports. The devices

the crossover interconnection. This is topologically equivalent used were three S-SEED arrays with 128 S-SEEDs in each
to the shuffle interconnection which has been shown to be array arranged in eight rows and sixteen coluns of devices as
useful for many communication and computing applications. shown in Figure 4.

The devices in the second stage are operated as logical AND
gates, while the devices in the third stages are operated as

Enable Enable logical OR gates. The AND gates in. the second stage are
optically connected to the OR gates in the third stage to create
an 8x8 array of 2x1 switching nodes.
The devices in the first stage of the experimental test-bed are
operated as OR gates (similar to the devices in the third stage).
The first device array provides an input interface for the
experimental test-bed, because it receives input signals that are

npt Output launched into the network on optical fibers. Each of thes
input fibers can carry binary-encoded information from a

_ _different source, and the information from many fibers can be
Input, simultaneously routed through the network. To correctly

I Output I  image the output from a group of fibers onto the first device
array, the fibers are tied together to form an input fiber matrix.

Figure 2. Schematic of a 2xl node. At the OR gate, the format of the data is converted from the
single-rail format used in the fiber matrix to the dual-rail (or

410 m_ I
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Figure 3. Schematic of a demonstration system whc itronnects 3 S.SEEDs(SI-3).
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stages of S-SEEDs interconnected using crossovers. Figure 5. a) Inputs. outputs and b) timing sequence required for
S-SEEDs.

differcrtial) format used by the S-SEED logic gatca. This single-
rail to dual-rail conversion requires that each of ie OR gates in
the first array be preset to the logic "0" state before the single- of a S-SEED is determined by the form of the bistable power
rail data arrives. The state of the devices in the first array are transfer characteristic. The ratio of the signal powers is defined
subsequently read out and transmitted to the devices in the as the input contrast ratio. If the input contrast is increased from
second my. zero. the reflectivity of the S window switches from a low value,
The unused devices in the first array were used as flip-flops (in R1, to a high valte, R2, at an input contrast value equal
Fig. 4-F/F) to store the control bits that ultimately enable the approximately to the ratio of the absorbances of the 2 windows:
desired AND gates in the second stage. We were able to use the T=(l-R (l-R2). The reflectivity of the other window (R)
flip-flops in the first stage to simulate the functionality of a SLM switchea from R2 to R1. The transition point (ideally) occurs at
for the second stage. Thus. various control signals can be an input contrast of lIF=(l-R2)[(1-Rl) when the input contrast
directed at the 64 2xl switching nodes to tat their functionality in redxd from a high value. The ratio, R2/RI, of the 2
within the experitental test-bed. reflectivities is the output contrast.

The output contrast can be as high as 6 in these devices[2]. The
Symmeric SEED Funcionality measured contrast in this experiment was only 3.2+-0.1. The

drop in performance from the optimum could be explained by
The S-SEED is essentially an optical set-reset la which can the use of a laser wavelength not matched exactly to the ideal
be made to simulate a logic gate[7]. A latch has a single signal detuning from tie exciton absorption feature of the S-SEED. Of
input, whereas a gawe has a least two signal iuts, with their the total power incident on the S-SEED objective lens only 31%
levels determining whether the gate will switch. The S-SEED is is reflected regardless of which snte the device is in. since half
a differential device, each input and output is composed of two of the power is strongly reflected and half weakly reflected. The
beams, as shown in Figure 5(a). The ratio of the powers in these output contrast and the total output power (taking into account
beams detamines the logic state it represents. The S-SEED does other measured losses) were used to calculate the reflectivities
not emit light therefore a se of two bias or clock beams are of the two states: R1=50% and R215%. Measurments of the
required in addition to the input data beaus (signal beams). In bistable transition point indicate that T=1.4+/-0.2 (the difference
operation. first the signal beams set the state of the device, and from the calculated input contrast of T=l.7 is probably due to
subsequently, de dock reads the state (Figure 5(b)). The device OWocarrier surface recombintion.
has gain if the signal beams ae not present simultaneously with Consider a S-SEED used to implement a two input logic game.
the clock beams, and if the clock beains have higher power This The logic state represented by the input is determined by to the
is referred to a time sequential gain. Th output from a S-SEED ratio of the powers in the S beams to the powers in the R beams.
is thus 2 beamis which are reflected from both the R window (Q) This input requires two sem of beamn-pairs. The (0,1) and (1.0)
and S window 0, as in Figure 5(a). signal inputs produce an input contrast of unity whnch is within
The state of the output is the ratio of the power in the Q bean to the bistable region. With this input the device will retain the
the power in the u beam. h is important therefore that the two state it was in before the signals were incident.
read beams are equal in power before reflection. The operation A preset bean is used to remove any possible ambiguity. Before
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tih saia beam we incident, the preet beam is incident on Expermeatal System DeecripUom
only one window (Figure 5(a)). For example, if the preset beam
is incident on the S window (preset in Figure 5(a)), the output System Hardware Overview. To implement a multistage
state is high reflectivity for the beam incident on the R window switcbing network using S-SEEDs. optical hardware must
(Q) and lower reflectivity for the S window (Q. Thus, an input perform the following functions:
contrast with a value above 1/r maintains the gate in the same Input Interface: a 2-dimensional array of input data streams
state to which it has been preset. The device thus simulates an must be generated on the same pitch as the S-SEED arrays.
OR gate. The output (Q/i5) is high for any input apart from (0,0) Control: an array of control signals must be generated to
which is the only possible input with at input contrast less than determine the input selected at each of the 64 2x1 switching
I/T. If an AND is required, the preset is incident on the R nodes.
window. Beam Array Combination: four beam arrays (2 signal arrays. 1
A difference in attenuation of each of the two beams which powr/clock array and I control array) must be combined and

constitute a differential pair is defined as local non-uniformity. imaged onto the S-SEED array, and then the reflected clock
Variation in power levels of each of these differential pairs output array must be relayed to the next S-SEED array. This
across the array is defined as global non-uniformity. We wish to function is responsible for much of the complexity in the optical
find the maximum allowed fractional variation (AP(g)/P) above hardware.
and below the average power (P) for correct operation of the Power Supply (Clock) and Preset Generation: the array of
device as any two-input logic gate. This will occur when one of uniform intensity beams used as the power supply/clock must be
the signal pairs has input powers equal to P+AP and (P+AP)/C generated. To set the logical functionality of each S-SEED, an
incident on the S and R windows and simultaneously the other array of Preset beams may also be required.
signal has powers of P-AP and (P-AP)IC incident on the R and S Interconnection: a crossover interconnection operation must be
windows. In these circumstances AP/P is given by; performed on the data array from the previous stage. This
AP(g)/P=(r-IXC+l)/(T+I)(C-l)). Therefore, if there is no includes a fanout of 2 and a spatial "folding" of the data array
local non-uniformity, AP(g)/P=+/-32%(for this and all image.
calculations that follow it is assumed that C=3.2 and T=1.4). Alignment: this includes the provision of incoherent
If the local variation in the individual powers of each beam is as illumination (to avoid Talbot image effects), view ports to
severe as the global variation, the maximum fractional variation visually inspect the alignment, and enough degrees of freedom
(AP(g.l)/P) that is allowed, provided that C>T, is reduced to; (fold mirrors, positioners, etc.) to align the multiple spot arrays.
AP(g,l)=(T-l)/(T+l). In this circumstance, the maximum local The hardware required for this experiment was constructed as a
and global noai-uniformity allowed is reduced from +/- 32% to series of three optical hardware modules (OHMs), using
+/-17%. commercially available optics and a custom designed opto-
The introduction of an attenuator(o<l) into the path of the ? mechanical mounting system. The first OHM (with S-StPED

beams will cause a shift in the input contrast; the ratio of the array S1 in Fig. 3) provides the input interface function and
input powers in the ideal (0,1) and (0,0) inputs will be increased stores control information for the array of 2x1 nodes formed by
by 1/a making the former more tolerant to non-uniformity the next two S-SEED arrays. The last two OHMs (with S-SEED
whereas the latter will be less tolerant[81. This attenuation can arrays S2 and S3 in Fig. 3) are mirror images of each other
be achieved using different reflectivity mirrors for the Q and io (vertically) and each contains hardware for beam combination.
beams before they are incident on the S-SEED. power/preset, interconnection and alignment. These last two
When the local non-uniformity is zero, the optimum attenuation OHMs have slightly different interconnection optics, so that the
is T/C. This leads to a large increase in AP(g) which is possible second OHM implements one link stage of the crossover
because the input contrast ratio is no longer dependent on the network interconnection, while the third OHM implements the
global non-uniformity. In this case, AP(g) is limited by the connectio'.s required for the 2x1 switch nodes shown in Fig. 4.
precision with which the local non-uniformity can be The outputs of the third S-SEED array are then imaged onto a
maintained, the uniformity of the device (variation in T), and the camera or onto an output fiber bundle array.
precision to which it is possible to introduce the attenuation. For The input OHM provides 128 inputs to the system in the form
e: ,unnle, the optimum ot for our system in this circumstance is of 64 data streams and 64 simulated control inputs. The data
0.44. An effective attenuation of 0.56 is provided when gold and streams are generated by a square matrix of 64 n'l1timode fibers
chrome are chosen as the mirrors for the Q and U beams driven by LEDs. The control inputs are generated by a beam
respectively. The use of this non-optimum attenuation would passing through an 8x8 binary phase grating (BPG), which
reduce AP(g)/P from being unlimited to +-82%. This is generates an 8x8 array of collimated beams. Identical control
equivalent to a factor of 10 between the highest power and signals are thus delivered to all of the nodes in this experiment.
lowest power beams in the array (1 +0.82)/(1-0.82). These inputs are combined by a polarizing beam splitter (PBS),

If the local non-uniformity is equal to the global non- and then enter the beam combination optics. The fiber bundle
uniformity, the optimum a is (T/C) . In these circumstances, output spot array undergoes a l0x demagnification along the
the maximum allowed variation in the uniformity of each beam path to the S-SEED array.
in the array is given by AP(g,a)/P(C'/2-1)/(C'/2+l). In our The beam combination optics use space multiplexing[9,10] to
case, a--0.8 is ideal. With this attenuation, AP(g,La)/P is spatially interlace these input beams with the power, preset, and
increased from +/-17% to +/-28%. output beams. The control and fiber input arrays are split by the

beam splitter adjacent to the S-SEED labeled S1 in Fig. 3, and
are reflected from an array of mirrors patterned on a transparent
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substrate in the 2 image planes. After reflection, the input arrays arrays. The optical system for one OHM can be divided into
are recombined by the PBS and imaged onto the S-SEED array. optical power supply, interconnection, and beam combination
This S-SEED array makes use of the preset beams to convert the sections. All three of these sections contain intermediate image
single ended fiber and control inputs to differential signals. In planes, and telecentric image spaces. All of the lenses in the
this case, low power preset beams are incident on one diode of OHM are operated at infinite conjugates.
each S-SEED during the switching cycle. Each S-SEED is thus The optical power supply collimates and circularizes the clock
switched to the differential "zero" state in the absence of a light and preset laser beams, and generates the required arrays of
pulse from the input fiber or control array, and to a differential beams. The power supply optical path is from the laser and
"one" when a light pulse of greater intensity than the preset is Brewster telescope, through the 1x2 BPG, and then through the
present. When the states of these S-SEEDs are read out by the spatial filter relay. Two lens types are used in the optical power
clock beams, the single-rail system inputs are thus converted to supply: 5mm focal length laser collimating lemses and 40mm
differential output signals to be cascaded into the next OHM. focal length achromatic doublet lenses to image the spots from
To read out these states, the clock laser beam is split 256 times the lx2 BPG onto and off the spatial filter. A single stripe
to form the 128 spot pairs needed for the 16x8 array of devices. (index-guided) AGaAs laser was used which had both a single
The computer designed BPGs[11,121 were placed at a pupil of longitudinal and transverse mode at 850nm. The astigmatism of
the optical system (in object, or "collimated-beam" space) to the laser was specified as less than 24.m. A Brewster telescope
generate the clock spot array for each S-SEED array. To was used to circularize the beam. The single clock beam is split
generate the equal intensity spot pairs needed by the S-SEEDs, by the 1x2 BPG and the pupil defined by this BPG is imaged by
multiple imaging[131 with 2 BPGs was used. A lx2 BPG the spatial filter relay lenses to the l6x8 BPG. The output of the
produced 2 spots of identical intensity, in addition to low optical power supply is the array of 256 collimated clock beans,
intensity higher orders. These higher orders were blocked by a and 128 collimated preset beams at the pupil defined by the
spatial filter, and the spot pair was multiply imaged 128 times by 16x8 BPG.
a second BPG. Generation of the 256 clock beams in this The interconnection and beam combination sections use two
manner ensures that the intensities of the two beams in each types of lenses: 42mm focal length relay lenses and 7.79mm
clock beam pair are identical, and that they remain so even in the focal length objective lenses. The relay lenses image the spot
presence of laser noise or power fluctuations. This helps reduce arrays onto and off the patterned mirrors and retroreflector
the signal beam local non-uniformity discussed above. The arrays, and the objective lenses image the spot arrays onto and
preset beams are combined with the clock beams just before the off the S-SEED arrays. The optics in these sections operate over
second BPG, and thus only one preset spot per S-SEED is a +/-1.56 degree field of view. Along the path from the 16x8
generated. The clock spot pairs are reflected from the S-SEEDs, BPG to the second S-SEED, six spot image planes are formed.
and are transmitted through the transparent portions of the Each afocal relay tcansfers the array of collimated beams formed
patterned mirrors. by the 16x8 BPG to the entrance pupil of the next relay. The
This output signal array is then permuted to implement the patterned mirrors, S-SEED arrays and retro-reflectors arrays all

crossover interconnection[6]. This permutation is accomplished lie in conjugate image planes. In these planes, the power supply
with a beam splitter to fan out the signal by two, followed by and signals are arrays of focussed spots. The imaging between
imaging operations on the two copies. The copies are either the patterned mirrors and S-SEED arrays has a magnification of
spatially "folded" by the prism or retroreflector array, or directly 5A:1 or 1:5.4 (42/7.79). This allows the relay lenses to operate
re-imaged via a plane mirror. The permuted copies are at a higher f-number, facilitating aberration control as well as
recombined by the beam splitter and propagate into the beam system alignment and stability. Along the path fiom the BPG to
combination optics. the second S-SEED array, the image passes through 11 lenses,
The digital regeneration at each stage restores the amplitude, and a total of 132 surfaces (including beam splitters, etc.). Eight

synchronization, and beam quality of the signals transmitted to of the lens-passes are through the 42mm relay lenses, and 3 of
the next stage. Assuming that the outputs of one S-SEED array the passes are through the 7.79mm objective lens.
can be successfully interconnected to the next S-SEED array, The device switching energy is proportional to its area. Thus a
these OHMs can, in principle, be cascaded indefinitely to create small device is necessary to maximize system speed. The small
a multistage interconnection network. The regeneration at each size (5itm width) of the S-SEED windows requires a well
OHM significantly lessens the problems of crosstalk, signal corrected optical system. The aberration contributions of each of
skew, and overall system size limitations for high speed the 11 lenses must be small and/or "balance" the contributions
operation, of other lenses. The goal of the optical system design was to

have a "diffraction limited" wavefront (Strehl ratio greater the

Otical System Overview. The digital regeneration performed 0.8) at the second S-SEED.
on the signals at each S-SEED array allows us to determine the Two factors in this design help to minimize the total aberration
total system performance by modeling and optimizing the path accumulation: system symmetry, and the relatively slow speed
through one and a half OHMs. Specifically, we model the path (high f-number) of the relay lenses. The symmetry of this optical
from the clock laser in one OHM to the S-SEED array in that design allowed distortion and coma to be corrected at each relay
OHM, then through the interconnection and beam combination pair. The aberration total then consists of spherical aberration.
sections of the next OHM to the next S-SEED array. This astigmatism, and field curvature contributions. To limit the
modeling is especially useful because all of the OHMs accumulation of these aberrations, the relay lenses used were of
following the input interface OIlM are identical, except for the symmetric (Plossl) eyepiece form. These lenses were
changes in the periods of the interconnection retro-reflector constructed from pairs of commercial achromatic doublets. The
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42mm focal length relay lenses were illuminated by beams with 3/4 wave (peak-to-valley) of positive spherical aberration (- 3
a 99% intensity diameter of about 6mm. Since the e"2 diameter times the Rayleigh criterion for a "diffraction limited" system).
of the Gaussian beam is only about 2/3 of the 99% diamete the The presence of this aberramton was confimed by measuring the
"effective f-number" (beam diameter/focal length) is greater through focus spot size with a scanning pinhole. It was found
than for uniform illumination. The relatively high "effective f- that only 60% of the power incident on the S-SEED was
number" operation of the relay lenses resulted in only small contained within the central 5pm diameter. This 40% loss is due

contributions from these lenses, to the accumulation of optical aberration. The loss did not vary
The S-SEED objective lens is of particular interest, since its significantly across the 1.56 degree field. With the star teat, we

characteristics drive much of the rest of the system design. The noticed the presence of a small amount of astigmatism at 1.56
primary characteristic of interest is the f-number of this degrees. The sagittal and tangential foci were separated by up to
objective lens, because of the flat fielo, (/)sine distortion (to a few microns at the edge of the field. Figure 6 shows
match the sine BPG diffraction), and extremely low aberration measurements of the through focus spot shape and size taken
performance required. The required f-number of this lens is with a scanning 2pm slit, for both the on-axis spot (Figure 6(a)),
surprisingly low, since the transmission of a Gaussian beam with and an off-axis spot at 1.56 degrees (Figure 6(b)). Measurements
little (< 1%) truncation represents an effective "stopping down" were taken at -10, 0, +10, and +20Am around the plane of best
(decrease in the aperture size) of the lens. This results in an axial focus. These plots show the system sensitivity to defocus,
increase in the "effective f-number" at which the lens is being and even the best focus spot size is clearly larger than is
used, and thus an increase in the spot size. The largest f-number appropriate for highly efficient coupling into a 5pLm S-SEED.
lens which enables a 99% coupling solution is a -f/I.7 lens. This
solution also requires that the lens diameter is about 1.7 times Mechanical System Overview. The design of the opto-
the beam waist diameter. The c=2 waist spot diameter is then mechanical system was determined by the precision and

33pm. stability required to maintain the arrays of focussed spots in
The optical design of the modular optical hardware was registration with the arrays of S-SEEDs. Each S-SEED in the

analyzed and optimized by modeling with CODEV optical three arrays has three pairs of beams (clock and two signals) and
design software. Raytracing shows that while the individual a single preset beam incident upon it. On each 51Lm by 10ptm
elements are all well corrected, significant aberration does window, the preset and clock beams are adjacent to the two
accumulate over the total path. The system performance is cross-polarized signal beams. Reliable, error-free operation of
limited primarily by the accumulation of a quarter wave of
spherical aberration. The system distortion is only about 0.1% a)
due to the system symmetry, and this results in a 0.3 gm shift of
the position of the outermost spot in the array. The field
curvature and astigmatism present in this system increase the
system's sensitivity to defocus.
The quality of the optical components and the beams used to 6.9 pm

connect the devices was assessed using a combination of focal 0
plane image evaluation ("star test), interferometry, and scanning 1.7 im
slits and pinholes. The star test and scanned slits and pinholes
were used to measure the spot size and intensity profile of the B us
beam at various points in the path, and at various field anglt. In 00'/ 9.1 Pn
addition, through-focus beam-scans were performed to measure N \

the depth of focus. These measurements indicate the precision to "1001LM

which it is necessary to align the components to couple a given _.793_ 17.0 _ ....................

percentage of the spot's energy into the 5pm S-SEED windows. +20.0 un
The optical quality of the power supply was a major limitation
to the total system performance. Diffraction effects at the b)
collimating lens and the difficulty in centering the laser chip in
the center of the small field of the collimating lens result in
degradation of the optical quality of the source. This was
quantified by measuring the spot size when the collimated beam
is focussed with a well-corrected 200mm focal lengthlens. Only
93% of the power in the collimated beam fell within a 200tm 7.1j=
qrea. The size of the Gaussian waist was measured to be 1.3
times the size of the diffraction limited spot. BEST FOCUS
The optical quality of the beams after 8 relay lenses and 3

objective lens passes has a major effect on the energy coupled
into the S-SEED. To examine the wavefront after such a long
train of elements, a self-referencing interferometer was ............. ...
necessary. A modified point diffraction interferometer was T="pm
constructed and used to assess the wavefront quality of the

beam. It was found that the on-axis beam had accumulated about Figure 6. a) On-axis and b) Off-axis through-focus spot scans.
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the entire system was only obtained if the alignment of every (0,0) and (1.0) inputs (a-=0.56). The calculated tolerance to local
clock. preset. and signal spot was aligned to within 0.5 ptm of non-uniformity was +/-12% with a--0.56. The local non-
the ideal lateral position on the 5 pm wide window and to within uniformity tolerance is thus approximately equal to the
5prn along the optical axis. This lateral tolerance translates in measured local non-uniformity, to within the measurement eror
the object space (array of collimated beams) to an angular (approx. +/-5%). Simultaneously, the calculated tolerac to
tolerance of 13 arc seconds. This precision requires that the global non-uniformity was +1-62%. That is, the highest power
correct angular orientation about the optical axis (roll) be set to beam could be greater than four times more powerful that the
8 arc minutes. lowest power beam ((1 +0.62)/(1-0.62)).
The optical components of each OHM were mounted in v- The full truth table (4 combinations of inputs) was input into

grooves milled into jig-plate aluminum. Each stage requires every gate in the second and third arrays. All of the gates in each
only three v-grooves milled into the plate to mount seven lenses, array worked for all possible inputs. Tie system operated
two patterned mirrors and two retroreflectors. In addition to correctly as an array of 32 independent 2x2 nodes. The optical
minimizing the number of mechanical components, the use of a control input could be switched electronically from logical low
plate with milled v-grooves also ensures that there is a well- to high with the result that the two outputs of each of the 2x2
defined mechanical axis. The optical and mechanical axes nodes were exchanged.
within each stage and between stages are made colinear to a The output power from each fiber at the input to the switch was
precision of less than one arc minute using fold mirrors. The 461tW. Vignetting in the collection optics and decreased
lenses were centered to less than one arc minute. The v-groove absorption due to the broadband (100nm) illumination (from the
mounting technique ensures that this centration was maintained LED fiber drivers) resulted in an effective input power of
when the lenses are mounted in the system. Focus is obtained by 0.3gW, which limited the first stage switching speed to 100kHz
simply sliding the lens along the v-groove. (33kbps system data rate). Approximately 3mW of 850nm laser
The adoption of a v-plate to mount the components has been power was incident on the BPGs, resulting in about 1 mW
entirely successful. It minimizes cost by greatly reducing the within the 256 spots at each S-SEED array (4t1W per clock
number of mounts required by providing rotation and defocus beam), with losses mainly due to the BPGs and multiple small
adjustment and ensuring minimum tilts. In addition to forming a polarization leakages. The minimum signal power cascaded
stable base for the components, it allows the system to be from one array to the next was about 150L W per array, (900nW
constructed in a much smaller area than would otherwise be and 300nW for the "high" and "low" states of each signal input
possible. to the next S-SEED array). The incident differential power was

thus 600nW. The loss in the signal path was due to S-SEED
Discussion and Conclusion absorption (70%), loss at the retro-reflector arrays implementing

the crossover connections (50%), zhe patterned mirrors for the
To examine the test-bed functionality, two experiments were space multiplexed beam combination(50%), and misalignment,
performed. Cascaded arrays of latches were demonstrated, Fresnel, and polarization losses. The actual system speed of
followed by cascaded operation as logic gates with preset beams 100kHz is less than the maximum theoretical speed of 200kHz
and asymmetric attenuators. Low speed operation was verified due to fiber input losses, asymmetric attenuator losses, and
by using a clock rate of a few Hertz and visually examining a signal non-uniformity effects.
magnified image of the output of the third S-SEED array, In this experiment, individual logic gates are interconnected.
detected by a CCD array camera system. High speed operation While enabling the investigation of many critical system issues
was verified by imaging the third array's outputs onto detectors, and allowing a great deal of architectural and opto-mechanical
Alignment was achieved by visually inspecting each flexibility, a higher level of pixel integration ("granularity") may
intermediate image plane (with a CCD camera system), and also provide an advantage. The introduction of appropriate additional
by maximizing the total photocurrent generated in each S-SEED fnctionality[14,15] at each pixel may significantly lower the
array for each array of beams, optical system power requirements, the opto-mechanical

To demonstrate cascaded latching, the three stages were complexity, and the overall system size. However, decisions
cascaded with each of the two interconnect paths between stages concerning the integration of amplification, combinatorial or
1 and 2 and between stages 2 and 3 blocked (four permutations). sequential logic, and memory must be based on the total system
The input fiber matrix and control laser were used to set the tolerancing, since small changes in device characteristics may
devices of the first array into known states. The successful have dramatic and widespread system effects.
transfer of those states into the second and third arrays via the In conclusion, three 16x8 arrays of S-SEEDs have been
four different paths confirmed that the devices could be operated operated as logic gates and interconnected to form a preliminary
as latches, and verified the continuity of all of the implementation of 3-dimensional small scale integration (384
interconnection paths. Despite the fact that no athermalization of gates). The logic performed implements part of a multistage
the optomechanics was attempted, errors only occurred when switching network. Although its overall alignment and optical
the temperature of the system was varied by +6/-70F about 72°F tolerances are quite constrained, we have demonstrated
room temperature. The stability of the optomechanics was tested operation for over 6 days continuously in a laboratory, and for
by operating the system successfully without a shock absorbing more than 3 days outside of the laboratory, before disassembling
table for several days. parts of the system to perform further testing.
The experiment was modified to incorporate gold mirrors for The primary purpose of this demonstration system was to

the Q beams and chromium mirrors for the !a beams in the investigate the practical trade-offs required in free-space
patterned mirrors i., an attempt to balance the sensitivities of the technology development. In keeping with this purpose, the
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optical hardware modules developed for the original Cunningham and L. M. F Chirovsky. "Symmetric Self Electro-
demonstration have also been used in subsequent experiments optic effect Device: optical set-reset latch, differential logic gate
investigating the operation of larger device arrays. To and differential modulator/detector". IEEE Journal of Quantum
accommodate these larger system experiments new optical Electronics QE-25, 1928 (1989).
designs are being tested, as well as new S-SEED device [81 N. C. Craft and M. E. Prise, "Optical System Tolerances for
arrangements. Symmetric Self Electro-optic Effect Devices in Optical
One supplementary experiment was the successful operation of Computers," Optical Computing, 1989 Technical Series, 9,

a 128 (16x8) array of integrated S-SEED 2x1 nodes[16]. The (Optical Society of America, Washington, D.C. 1989), paper
operation of the array of 128 2x1 switching nodes on a single Tu129, 334-337.
substrate represents the first time (to our knowledge) such a [91 M. E. Prise, M. M. Downs, F. B. McCormick, S. J. Walker,
large array of higher functionality, or "smart," pixels has been and N. Streibl, "Design of an Optical Digital Compute;" Journal
demonstrated. Another later experiment demonstrated the do Physique, Colloque C2, Supplement au No. 6, Tome 49, 15-
interconnection of two 512 (32x16) S-SEED arrays. The 18. March (1988).
cascading of two 512 S-SEED arrays doubles the size of the [10] F. B. McCormick and M. E. Prise, "Optical Circuitry for
previously reported largest optical interconnection Free Space Interconnections." Applied Optics 29 (14). 2013-
demonstration[17]. 2018 (1990).
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Abstract decades in power levels due to the differential
nature of the device. Like the earlier arrays of S-

We demonstrate 8 x 16 arrays of electrically SEEDs, these devices were reflection mode
addressed and 64 x 128 arrays and 128 x 256 devices [5]. The material was grown by molecular
arrays of optically addressed Symmetric SEEDs bearn epitaxy (MBE) and contained 71 periods of
and discuss the performance of these devices. 100A quantum wells with 35A Al0.3Ga0.7 As

barriers. The p-i-n diode mesas were located on
20tim centers and had 5prmxlOpm optical

For optical processing to become a reality, large windows. The total array sizes were therefore
arrays of optical processing gates are required with (2.56mm) 2 and (5.12mm) 2 for the 8K and 32K
low energies and fast switching speeds. Arrays of arrays respectively. A photograph of the 8K array
symmetric self electro-optic effect devices (S- appears in Fig. 1, and of the 32K array in Fig. 2.
SEEDs) with as many as 2048 devices (64 x 32) A photograph of a section of the 32K array is
have been made using batch fabrication shown in Fig. 3.
procedures that process an entire wafer of devices
at once [1,2]. In this paper we describe the
extension of that work to arrays with 8192 devices
(128 x 64) and 32768 elements (256 x 128). We
also demonstrate 8 x 16 arrays of symmetric
SEED modulators [3] with individual electrical
access to the devices. The performance and
uniformity of the arrays are more than acceptable
to continue systems experiments with these types
of devices.

V

The S-SEED consists of two quantum well p-i-n
diode modulators connected electrically in series
with a power supply. Like all SEEDs, the S-
SEED makes use of the change in absorption that
occurs with a change in applied electric field
across the quantum well regions of the diodes [4].
The S-SEED has the characteristics of a set-reset
latch and can perform logic functions by using a
preset beam [3]. The device has many desirable
qualities for system experiments such as high Figure 1. Photograph of an 8K (128 x 64) array of
(time sequential) gain, signal re-timing and logic S-SEEDs.
level restoration, and operation over several

56
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NFigure 3. Photograph of part of the 32K (256 x

128) S-SEED array, which shows greater detail.

Figure 2. Photograph of a 32K (256 x 128) array

of S-SEEDs.

The 32K arrays were processed together with the -7:1 at 15 volts with incident optical power below

(8 x 16) arrays of individually electrically -50%.W. The operating range of the devices was

addressed S-SEEDs (discussed later in this paper). measured by supplying equal power beams to the

These required interconnection metal cross-overs two diodes of the S-SEED and checking that the

and thus two levels of interconnect metal. Instead device could hold either state indefinitely. This
of adding another insulation level and another operating range was from -800nW limited by the
metallization level to the processing sequence, we leakage currents flowing in the diodes to -500giW

decided to use one of the ohmic metal levels, limited by saturation of the quantum well material.
already in the processing seqaence, for the second Switching energies have not yet been measured,
level of interconnects. We ran ohmic metal leads but energies comparable to previous devices

under the existing insulation level and directly (1.5pJ at 10 volts) are expected.
over undoped semiconductor areas between
devices. The soundness of this strategy was truly
tested when this approach was also used (for the
first time for arrays of optically addressed S-
SEEDs) in the design of the 32K array. As can be 0.40
seen in Fig. 3, a bias lead crosses a ground lead at 0.35
every device. 030

Initially all of the fabricated arrays were forward II
biased so that the p-i-n diode modulators that 0.25 "

make up the S-SEEDs luminesced. Over 50% of 020 I
the 108 8K arrays and 32% of the 19 32K arrays
that were made had uniform luminescence in over 0.15 II"
99% of the devices within each array. All of these 0.10 i ii
arrays also had reverse bias breakdown voltages 0.05
greater than 40 volts for all devices in the array.
One array of each type was packaged. Sample 0.0 1 23 45 6789 10 1

-1 0123456789101
measurements on a small number of devices VOLTAGE

showed that better antireflection coatings as well
as a slightly thicker quantum well region Figure 4. Reflectivity measurements for every 8th

compared to our previous devices yielded device in every 8th row of the 128 x 64 array of
improved contrast ratios of -4:1 at 6 volts and S-SEEDs.
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Figure 5. Reflectivity measurements for every
16th device in every 16th row of the 256 by 128
array of S-SEEDs. Figure 6. Photograph of the 8 x 16 array of

electrically addressed S-SEEDs.

The responsivity and reflectivity were measured
on a sample of 128 devices uniformly spaced for
each of the two different arrays, corresponding to
every 8th or 16th device in every 8th or 16th row
for the 8K and 32K arrays respectively. Figs. 4 &
5 show the reflectivity as a function of voltage for
the 128 sample devices in each of the two arrays
showing excellent uniformity across both arrays.
The test was repeated for every device in the 128 x
64 array. Only 21 of the 8192 devices (0.25%)
failed to have negative resistance required for
bistability. Since the test required 20 hours to
complete for the 8K array, every device in the 32K
array was not measured.

A device can be made that modulates a pair of
light beams in a complementary fashion by
electrically modulating the node between two
diodes of a symmetric SEED [3]. The quantum
well diodes in the 8 x 16 array of electrically
addressed S-SEEDs that we present here had 5p±m Figure 7. Photograph of part of the 8 x 16 array of
x 5ptm optical windows. The spacing between the electrically addressed S-SEEDs, which shows
two diodes of the S-SEEDs was 20gm and the greater detail.
spacings between S-SEEDs was 160gtm and 801tm
for the horizontal and vertical directions
respectively. A photograph of the array is shown
in Fig. 6. The spacings between S-SEEDs were Reflectivity and responsivity were measured for
increased in the electrically addressed devices to these electrically addressed devices as well. All
allow space for the electrical access leads. A devices in the array worked correctly, as can be
photograph of an enlarged section of the array, seen in Fig. 8, which shows the reflectivity as a
showing greater detail, appears in Fig. 7. Also, the function of voltage for each device in the array.
total chip area for the array of 128 electrically The device array was actually mounted on a
addressed devices was equal to the chip area for custom hybrid integrated circuit containing 128 50
the 32,768 optically accessed devices because the ohm resistors, one for each input. We modulated
chip needed to be large enough for the 132 (128 + one of the devices with a digital word generator
4 DC bias) bonding pads on the periphery of the and were able to obtain clean modulation beyond 1
chip. An array was packaged for testing. Gb/s as shown in Fig. 9.
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In conclusion we have built and tested 128 x 64
and 256 x 128 arrays of symmetric self electro-

0.40 optic effect devices. We also have built and tested

0.35 i 8 x 16 arrays of individually electrically addressed
S-SEED differential quantum well modulators.

0.30 I This work further demonstrates that quantum well

0.25 Ioptoelectronic devices can indeed be made in large

0.20 quantities. The performance and uniformity of the
a arrays is more than acceptable to continue systems

0.15 experiments with large numbers of optical devices.

0.10 a
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Abstract implement a photonic switching node. In the second
array of devices, elements can be configured as photonic

We describe both a 4 x 4 array of integrated SEED based switching nodes as well as multiplexers, demultiplexers,
2 by 1 photonic switching nodes and a 32 x 16 array of or shift registers. Since these arrays were made using the
optoelectronically connected S-SEEDs that can be opti- same batch fabrication procedures that have yielded the
cally configured as an array of 2 x 1 switching nodes, large S-SEED arrays [6], we feel that the capability now
multiplexers, demultiplexers and shift registers. exists to make large scale optoelectronic circuits of arbi-

trary functionality.
Introduction

SEED 2 x 1 Photonic Switching Nodes.
The division between optical processing and electronic
processing with optical interconnections can be a fuzzy The function E=A'B + C'D implements a switching node
one at best. Because of the limited functionality achiev- with two data inputs and one data output (a 2 x 1 node) if
able in "all-optical" logic gates, a growing interest is A and C are the two input channels and B and D are the
seen in "optical" processing elements made using opto- two control channels.
electronic devices with greater functionality [1]. Large
scale integrated optoelectronic chips of quantum well If control input B is a logic "1" and control input D is a
self electro-optic effect devices (SEEDs) have been logic "0", then output E is equal to data input A. Like-
made [2,3] with fast switching times and low operating
voltages and energies. The processing elements in these
chips, the symmetric SEEDs (S-SEEDs) [4], have lim- - - - 'l

ited processing capabilities, in that they are set-reset
latches and can be made to perform logic functions by
pre-setting the device to a given state. We can, in theory,
achieve arbitrary logical functionality by using a sepa-
rate group of quantum well detectors similarly config-
ured to the field effect transistors in CMOS and NMOS
circuits to drive a S-SEED configured as an output mod-
ulator [5]. These devices have many desirable qualities
including time sequential gain, effective input-output
isolation, signal level and timing regeneration, wavefront
quality restoration, and operation over decades in power
levels due to the differential nature of the devices.

In this paper, we describe the first integrated arrays of
these devices. In the first array of devices, each device or Fig. 1 Photograph of a section of the 4 x 4 array of 2 x I
processing element has the functionality required to switching nodes.
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wise, if control input B is a logic "0" and control input D the correct functionality is shown in Fig. 2b. We tested
is a logic "I" then output E is equal to data input C. The all 16 devices in the array and they all gave the correct
device arrays are differential in that the logic state of outputs.
each data and control input as well the output are repre- The switching speed of the devices of 10 jis was lim-
sented by the ratio of optical powers of two light beams. ited by the incident signal powers which were only -333
An input has a logic "1" state when the uncomplemented nW and -667 nW for the "low" and "high" states of the
input is greater than the complemented input (e.g. A > differential inputs. We can define a required differential
A'). optical energy as the difference in power multiplied byA photograph and schematic diagram of the first array the switching time. If a single input were supplied it
are shown in Figs. 1 and 2. The functionality of this cir- would need this much energy. The required differential
cuit has been previously demonstrated by electrically input energy per input is then -3.3 pJ at 9 volts, which
connecting S-SEEDs on different chips [5]. The inte- compares favorably with the 2.5 pJ at 15 volts required
grated 4 x 4 arrays have 5 pm x 5 pm optical windows, for the S-SEED arrays with the same window sizes. The
with each pair of input and output windows on 20 pm extra energy is expected, since the integrated switching
centers. The unit cell size is (55 Wm) 2 which is slightly node capacitance is greater than that of S-SEEDs. Less
larger than two S-SEED devices with the same window optical power may be required to build a photonic
size [3], although three S-SEEDs would be required to switching system from these gates than from S-SEEDs,
implement this function [7]. because the number of gates, and thus the number of

V0 clock beams, is less. In addition, since two stages of logic
gates are normally required to implement a 2 x 1 switch-
ing node, fewer stages of integrated switching nodes are

A-_ needed in a multistage network.

nip ip

nip] nip nip

np nip Ini

Fig. 3 Experimental demonstration of a 2 x 1 photonic
Fig. 2 Schematic diagram of a 2 x I switching node. switching node (Input data signals were "0 1 0 1" and "0

0 11" and control alternated every 4 bits between inputs
We tested the operation of the array using two differen- A and C.)
tial quantum well modulators to provide the input signals
to one of the switching nodes. An acousto-optically mod- SEED 2 x 1 Photonic Switching Nodes (Type II)
ulated Ti:Sapphire laser provided a pair of control
beams, B and 13, (these are logically equivalent) and a A photograph and schematic diagram of part of the sec-
current-modulated semiconductor laser diode provided ond array is shown in Figs. 4 and 5. Neighboring S-
the other pair of control beams,U and D. A semiconduc- SEEDs are connected by an optoelectronic transmission
tor laser diode provided the pair of equal power clock gate consisting of a pair of back-to-back quantum well
beams which in turn are modulated by the device as the photodiodes. These photodiodes implement the function
complementary outputs. Input A was modulated with an of a transmission gate in MOS circuits, essentially trans-
alternating "0 10 1" pattern and input C was modulated ferring the voltage from one S-SEED to another. Three
with a "0 0 1 1" pattern. The control of the device alter- S-SEEDs and two of these optoelectronic transmission
nated between selecting input A and input C every 4 bits. gates make up a single 2 x 1 switching node. The array
An oscilloscope photograph showing that output E has consists of a 32 x 16 array of S-SEEDs and since three S-
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SEEDs makes up a switching node, it can be configured beams respectively. Thus, the required differential con-
as a 10 x 16 array of switching nodes. trol beam energies were -750 G. For the node to function

All optical windows are 5 jim x 5 jn. The distance properly, the signal beam powers must be greater than
between S-SEED inputs (i. e. between A and Aor A and the control beam powers, otherwise the unselected input
E) is 20 .tm. The distance between control inputs (B to B can influence the output state of the node. In our experi-
or B to D) is also 20 pm.Contml inputs and data inputs ment, the signal beam powers were -1.8 ItW and -3.6
(e. g. A and B) are separated by 10 im. Switching nodes giW and -1.3 gtW and -2.5 gtW for the low and high
may be located on 60 pm x 40 pm centers for a 10 x 16 states of inputs A and C respectively. In this case the
array or 80 pm x 40 jm centers for a 8 x 16 array. In the required signaloptical energies were 1.3 pJ and 1.8 pJ for
latter case, there is an unused S-SEED between nodes the two inputs.
and all data inputs (A to C to the next A, etc.) are on 40
jim centers.

Fig. 6 Experimental results demonstrating operation of
the second array as a 2 x I switching node.(Input data

Fig. 4 Photograph of part of the second switching node signals were "0 1 0 1" and "0 0 1 1" and control alter-
Fig. 4nated every 4 bits between inputs A and C.)
array.

V V V We have also tested aq 8 x 16 array of 2 x 1 switching
0 0 a0 nodes operating concurrently using input data generated

by a S-SEED array acting as a memory. The experimen-
tal set-up is shown in Ref. [81 with the first S-SEED in
that experiment used to generate the data and second S-

S Iclk- R I ISEED array in that experiment replaced by this array ofn 1p 2 x I nodes. The S-SEED windows are oriented verti-

Scally. We will call the output a logic "one" when the top
lk- diode has greater reflectivity than the bottom one. The

left half of the input S-SEED array was set to a logic
ni p nip n i p "one"and the right half of the S-SEED array was set to a
SS 2 S3 logic "zero". The outputs from a 4 x 8 section of this

-- array are shown in Fig. 7a. The outputs from this array
Fig. 5 Schematic diagram of part the second array con- were imaged onto the array of 2 x 1 switching nodes
figured as a switching node using a crossover interconnection network (9].

The input to the switching node array (output of the
In the experiment to test the operation of a switching crossover interconnection network) consists of two over-
node, the data signals, A, W, C, and U, and the control lapped images, one identical to the S-SEED output and
signals, B and D, are were generated using differential one with a left to right inversion caused by the prism in
quantum well modulators. A 1 x 2 binary phase grating the crossover network. The left S-SEED, S I in Fig. 5, of
split each output from the control differential modulator each 2 x I node had a logical input equal to the logical
(i. e. B and D) into the two beams that are required by the output of the S-SEED array (non-altered image) as
back to back diodes. The output signal is shown in Fig. 6. shown in Fig. 7a, while the right S-SEED, S3, of each 2

The maximum speed of -1 ps was limited by the x I node had a logical input equal to complement of the
power of the control signals, which in this case, were logical output from the S-SEED array (inverted image)
-760 nW and -1.5 g.tW for the "low" and "high" control as shown in Fig. 7b. Therefore, each 2 x I switching node
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(a) (b)

(c) (d)

Fig 7 Inputs and outputs from a 4 x 8 section of 2 x I switching nodes operating concurrently a) inputs A and T for each

device, b) inputs C and- for each device, c) output for B= I and D=O (input A selected) and d) output for B=0 and D= I

(input C selected) Recall the S-SEEDs are naturally inverting.

had one of its two data inputs as a logic "one" and the ing nodes. In these figures, there are eight columns of

other of its data inputs as a logic "zero" (see Figs. 7a and spots arranged in four groups of two. Recall that two

7b). diodes of a particular S-SEED are oriented vertically. In

A single set of control beams was generated by passing Fig. 7c, the I st, 3rd, 5th, and 7th columns are the control

the output of a laser diode through a 32 x 8 binary phase beams which are incident on transmission gates, B, to the

grating. The control signal selected either data inputs A left of the center S-SEED, S2. In this case, the control

and T or data inputs C and C by moving a mirror in the beams selected input A. The 2nd, 4th, 6th, and 8th col-

system to direct the control beams to their appropriate umns are the output beams E and T Since the S-SEEDs

transmission gates. Since there was only a single set of arc naturally inverting, output E is equal to the comple-

control beams all nodes were controlled the same. ment of input A. In Fig. 7d, the control beams selected

input data C and C (i. e. B=0, D=I). In this Figure, the

The data outputs from the array of 2 x I switching nodes 2nd, 4th, 6th and 8th coltmns are the control beams

are shown in Figs. 7c and 7d for a4 x 8 section of switch- which are incident on transmission gates with control
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input D, to the right of the center S-SEED, S2. The 1st, clock beams incident on the A modulator were out of
3rd, 5th and 7th columns are the outputs E and E. Again, phase to the clock beams incident on the C modulator.
output E is inverted from input B due to the inverting The control beams were generated by a third differential
nature of the S-SEEDs. For the 8 x 16 array of nodes, modulator. The light beams incident on this modulator
correct operation was observed for 124 out of 128 were not modulated. The output clock beams were mod-
devices for both logic "ones" and logic "zeros" on each ulated at twice the data rate of the input clocks. In this
node input. The four devices that did not work correctly experiment the data inputs were "0 1 0 1" and "0 0 1 1".
had debris on the device windows. No crosstalk was The multiplexer output is shown in Fig. 8.
found between adjacent 2 x 1 nodes in the center of the
array. The 2 x I switching node was also tested as a demulti-

plexer. Two laser diodes generated the set of input beams
SEED Multiplexers and Demultiplexers incident on the center of the three S-SEEDs. Two addi-

tional laser diodes each generated one of the sets of clock
A single 2 x 1 switching node was also tested as a 2 x 1 and control beams. Fig. 9 shows the data input and data
multiplexer. As a multiplexer, first one input is selected outputs. The data input was chosen so that when demul-
and then the other. The A and C input data were gener- tiplexed it would have outputs of"0 1 0 1" and " 0 11".
ated using differential quantum well modulators. The Correct operation of the device was observed.

Fig. 8 Experimental results demonstrating operation of Fig. 9 Experimental results demonstrating operation of
the second array as a 2 x I multiplexer. The top two the second array as a 2 x 1 demultiplexer. The top trace
traces are the input data traces and the bottom trace is the represents the data input and the bottom two traces are
output trace. the multplexed outputs.

Vo Vo Vo Vo

A

clkl clk2 0 Iclk1 clk2

STI T2 T3_$3 $

Master Slave Master Slave

1st Bit 2nd Bit

Fig. 10 Schematic diagram of the array configured as a shift register.
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SEED Shift Register Conclusion

The array can be also configured as a shift register as In conclusion, we have built and tested arrays of inte-
shown in Fig.10. The operation of the device is described grated SEED based 2 x I photonic switching nodes, mul-
below. First, the input signals set the state of the first S- tiplexers, demultiplexers and shift registers. The arrays
SEED, SI. Then simultaneously, the clock beams, clkl, were made using the same batch fabrication procedures
and transfer beams. Tml, are applied. The clock beams as our previous S-SEED arrays. We have tested individ-
provide an output signal from S I and hold the state of S I ual switching nodes, multiplexers and demultiplexers,
while transfer beams, Trn I, transfer that state to S2. The have operated a 8 x 16 array of switching nodes concur-
power in the transfer beams must be less than that of the rently, and have built an eight bit shift register using
clock beams to ensure that S I retains its state. Otherwise, these arrays. The performance of the arrays is good
V, will be influenced by V2 and S I may lose its state. enough to continue to conduct photonic switching sys-
Then, clock beams, clk2 and transfer beams Trn2 are tems experiments with these devices.
applied to S-SEED 52 and transmission gate T2 to read
the state of S2 and transfer the voltage on S2 to S3. Acknowledgment
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polarization switch arrays which is capable of
Abstact realizing a multichannel reconfiguable optical

interconnection network. We present the two-
In this paper, we propose a multistage optical stage 4x4 interconnection network testbed
interconnection network using polarization using liquid crystal light valves (LCLVs) and
switch arrays which is capable of realizing a its loss property. Furthermore, an improved
multichannel reconfigurable optical structure based on the "minimized-path-
interconnection network. The basic operation length-difference" concept and a nonblocking
has been demonstrated with two-stage 4x4 self-routing algorithm for the 8-input 4-stage
network testbed using liquid crystal light modified optical Banyan network are
valves (LCLVs). Furtheremore, the feasible discussed. Finally, the integrated structure for
channel number as a function of the optical the compact multichannel implementation of
beam size and the routing algorithm for the the network is proposed.
8x8 nonblocking crossconnect network are
discussed. Finally, a concept of the extended 2. 4x4 Optical Interconnection Testbed
16x16 Banyan network suitable for the with Input and Output Fiber Arrays
integrated structure is presented.

Fig. 1 shows the block diagram of the 2-stage
1. Introduction 4x4 optical Banyan network testbed. Input

and output fiber arrays are used to
Because of the high-bandwidth, high-speed demonstrate the multichannel interface to the
transmission, parallel multibeam inputs, and optical fiber networks. We used liquid crystal
the absence of mutual interference, an optical light valves (LCLVs) for the polarization
free-space interconnection is considered to be control devices. The network reconfiguration
promissing to overcome the data transfer is made by controlling the light of LED array
bottleneck in the conventional electrical which illuminates the back surface of the
interconnections between computer LCLV.
equipments, circuit boards, and LSI chips. Table 1 shows the measured fiber-to-fiber
Therefore, many attempts have been made to insertion loss. Since there exist 4!(=24)
achieve the practical implementation of the different interconnection configurations, we
technology. Some of such attempt are found measured losses for all 24 cases and averaged
in [1], [2], [3]. the values. The measured va!ue is the sum of

In this paper, we propose a multistage the loss of optical elements along the optical
optical interconnection network using path, including 12 dB deadloss of two beam

67
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Mirror

LCLV1 BS C X/ / 4  BS LCLV2

LED -- J E

Prism X/4 X/4 Prism

Input +Mirror Outputu +Mirror
Fiber Fiber
Array Array

Figure 1. 2-stage 4x4 optical Banyan network
testbed

path, including 12 dB deadloss of two beam
splitters, 3.5 dB reflection loss of two LCLVs, 0 outpuI channel
and the fiber coupling loss which is estimated 0 1 2 3

to be about 8 dB. In order to decrease these 0 25.2 32.4 30.9 34.5

losses, not only the improvement of each
component but also the reduction of the total input 1 40.5 22.8 35.2 30.4

travel length of the optical beam is imortant channel - 23 . 4 9

because it increases the difficulty in the precise 2 27.3 34.0 24.4 29.4
alignment of the optical components, causing 3 35.3 28.2 32.2 23.2

the mis-alignment losses. I I I I I I (d B)

3. Multistae Imnlementation of the Table I Avaraged loss values
Optical Network

3.1 Analysis of the Feasible Channel
Number beam diameter at the distance L and

d(N+l) be the length of PBS, equivalently
The optimal design of the multistage the basic size of the switch, and AL be the
optical switch can be achieved by length of the beam which travels outside
obtaining the feasible channel numbers N the PBS, then it follows that
and the beam diameter wo (at the emission
at the input port) in such a way that the o = o 1 + ( XL/(icO o2/4)) 2  (1)
beam spread of the neighboring beams
after traveling the length L should not where,
overlap with each other. Fig. 2 shows a
model of optical beams traveling through L = log2N[2d(N+l)+ALj. (2)
our optical network. Here, let X be the
wavelength of the beam, wo be the beam Using these equations and the condition
diameter at the emission from the input that co < d, we can calculate the relation
port, where N Gaussian beams separated between N and coo as shown in Fig. 3. It can
with each other by the distance d, 0) be the be observed in Fig. 4 that if the beam diameter
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0 at the emission ranges from 0.5 to 0.9, for Prism with
example, then 32 input channels can be reflective coating

accomodated in the PBS with the size being 30
mm, which is shown by the shaded area in Fig. Polrzation /43. control

device Mirror

3.2 Minimized-Optical-Path-Length- 
110 e or

ONIPeaazn OFF
Difference Concept of the Optical beam splitter
Switch Design

(a) Bypass mode (b) Exchange mode
The basic optical configuration of the inter-
conncection network proposed in [2] has such Figure 4. Improved basic configuration based
characteristics that the optical path length of on the "minimized-optical-path-
the bypass mode is much shorter than that of length-difference" concept
the exchange mode. Since signals will pass
various optical routes depending on the 2 3
asigned interconnection configurations, such
problem will arise that the amplitude of the
optical pulse as well as its arrival time will
differ for each bit sequence or packet at the
output port. To solve this problem, we
introduce a new optical configuraton as shown
in Fig. 4, where the difference of optical path IN PUT-OUTPU

C0 :BEAM DIAMETER
AT THE EMMISION

d :, BEAM DIAMETER
LAT LENGTH Figure 5. A new configuration of 8-channel

d :BEAM INTERVAL modified Banyan network

Figure. 2 A model of optical beam in the
network

in two modes is minimized. Based on this
configuration, we designed a new 8-channel

Z128 - modified Banyan network as shown in Fig. 5.
X X =830 (nm) The advantage of the proposed configurationWA L= 20 (mm) would be easier alignment than the circularly

multistage network, as proposed in [3].

64- =2.0 (mm) 3.3 Routing Algorithm for the 8x8
fd5 Modified Banyan Network

8 d=1.0(mm) We have proposed a 3-stage 8x8 optical
Banyan network [2]. As it has some blocking

0 0.5 1.0 1.5 interconnection cases in such a network, the
BEAM DIAMETER AT THE EMISSION (0 (mam) configuration should be rearranged to achieve

Figure 3. The relation between the beam the nonblockiig characteristics and its
diameter and the feasible number of polarization-controlled routing algorithm
input channel should be considered. It is possible to modify
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4. A Proposal of A Two-Dimensionalv
Stage Arran ged Multi-Channel Optical

Input (1) (2) (3) (4) Output Interconnection Network
000 - 000
001 001
010 010 Our goal is to search for the highly parallel
01, 0 i optical interconnection network architecture100 100
101 101 and integrated structure, which can be made
110 110 compact. Fig. 7 shows one of such examples.
111 - It is a three stage cascaded 16x16 nonblocking

Banyan network, which we call "Cross-Banyan
Figure 6. Equivalent circuit of the 8-channel network". Its equivalent circuit is shown in

modified Banyan network Fig. 8. Since this switch can be constructed by
stacking many identical building block
components, it is easily fabricated and suitable
for the compact implementation. It remains to
be investigated to achieve proper nonblocking

it by inserting a redundant second stage and network configuration based on this concept.
by taking advantage of the property that two
beams entering into the same switch node are
either P or S polarized, we can get the non-
blocking network as shown in Fig. 5. The
configuration shown in Fig. 4 has been
designed by taking this nonblocking condition
into account.

The control algorithm for the polarization
switches at each stage to achieve the required
network routing is given by the following two Figure 7. Integrated structure for 16x16
logic equations. interconnection network

For 1st ,3rd, and 4th stage: 0 0
SC= PS XOR (NB(M) OR FB(M)) (3) 1- 04x4 

3- 3

For 2nd stage:
SC= PS XOR FB(2). (4) 5- 56- 4x4 M4x4

7-/7

where, SC is the state of the polarization
switch (=0: off and =1: on), PS is the 9
polarization of the input beam at each switch 4x 4 1
element (--0: p-polarized and =1: s-polarized),
and NB(M) and FB(M) are the Mth bit of the 2_
binary represented address of each switch 14 4X 4X4 14

15- 15

element at each stage and that of the
destination output node to be reached, Figure 8. Equivalent circuit of the 16x16respectively. respctivly.interconnection network

In order to confirm the nonblocking
property of the above algorithm, we simulated
the routing of the network by a computer. 5
Since there are 8!(=40320) different
interconnection configurations in the 8x8 We measured the loss and crosstalk properties
network, we checked all of these cases and of the 4x4 optical switch testbed using LCLVs
found out none of them are blocking. for polarization switch devices, and analyzed
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the maximum number of feasible input Refere.nce
channels. 32 channels arranged in one
dimension are found to be feasible. Also, the [1] K.MJohnson, M.R.Surette, and J.Shamir,
new configuration of modified Banyan "Optical interconnection network using
network as well as two-dimensionally polarization-based ferro-electric liquid crystal
arranged multichannel optical inteconnection gates", Applied Optics, Vol.27, No.9, 1727-
network have been proposed. The future 1733 (1988).
problem is to prove the nonblocking [2] H.Itoh, T.Yamamoto, and T.Nakagami, "A
crossconnection routing property of the latter polarization-switched optically reconfigurable
and to fabricate a compact multi-channel interconnection network", Conference Record
interconnection module using liquid crystal of Photonic Switching, Kobe, Japan, (April
polarization switch arrays. 12-14, 1990)

[3] H. Itoh, T.Yamamoto, and T.Nakagami,
"Self-routing algorithm for the circularly
multistage optical interconnection network",
Conference Record of Spatial Light Modulator
and its Applications, Lake Tahoe, U.S.A.,
(September 9-12, 1990)
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Abstract connection per square wavelength (about one micron
bis paper proposes the use of a tl for optoelectronic sources). Furthermore, such tech-

planar optical waveguide as a broadcast medium in a iques do exploit the non-interacting nature of optics.
wafer ale o Free space architectures, however, share a serious

The use of a 2-D guide as a substitute for a problem propagation path lengths must be approxi-
conventional star coupler is seen to eliminate the mately equal to, or greater than, the image linear di-
need for optical fiber or integrated optical waveguides mensions to avoid impractically large numerical aper-

tures. For the case of interconnections between pairstogether with all precision alignments between the of N element arrays, for example, this means that not
waveguides, sources, and detectors. Received optical
power is shown to scale inversely with the number of only will propagation delays increase as NW12, but al-
stations in the network, just as for the case of the so the packing efficiency (elements per unit volume)
star-coupler-based network, with an additional net- will fall as N 1/2.
work-size-independent loss of at most 1.3 dB. The This paper proposes the use of a two-dimensional
proposed scheme is capable of providing a 7 Mb/s in- planar configuration which takes advantage of the
tmonnection channel for each pair of elements in a special properties of optical signals and yet does not
256-element planar army of electronic circuits. have many of the disadvantages of previous propos-

als. The scheme has many of the features of an opti-
Introduction cal broadcast network based on a star coupler [2]

Techniques for using optics to replace wire inter- without the need for either the individual guided
connections between electronic circuits have general- waves, and their associated optical alignments to
ly fallen into two categories: the one-dimensional sources and detectors, or the coupler itself. The price
waveguide cases which use optical fibers or integrat- paid for these simplifications is an excess loss penal-
ed waveguides and the three-dimensional techniques ty of about 13 dB and a large dynamic range require-
which transfer optical signals through free-space us- ment on the optical receivers, compared with the
ing imaging lenses or holograms [Ref 1. While guid- complete star coupler network.
ed wave interconnections are efficient in their use of The proposed broadcast technique is discussed
optical energy, they require precision alignments at here in the context of an application involving a wa-
the ends, occupy more area than integrated circuit fer-scale multi-processor computer. The additional
wires, and do not take advantage of the non-interact- posibiity of wafer cascading, which leads to a
ing propery of optical signals. They are most appro- densely packed three-dimensional interonnecon ar-
priate for applications requiring the iterconnection of chisecture, is discussed briefly.
relatively large electronic circuits over significant dis-
tances. A Planar Broadcast Network

Imaging, using lenses or holograms, is capable of Figure 1 shows two views of a planar-waveguide-
sPOil interonecton densities approaching one based network in which the various layers which
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electronic integrated circuit
optical transmitter

optical detector

optical planar waveguide
optical sources & detectors

electronic components
-substrate

Figure 1. Top (a) and edge (b) views of a proposed wafer-scale network of electronic circuits (e.g. mi-
croprocessors) interconnected via a two-dimensional optical waveguide. The planar waveguide distributes
signals fim each optical transmitter to all receivers in a broadcast and select mode.

make up the electronic and optical components are tors is discussed below along with other issues that
identified. A hybrid layered structure may be imple- determine the optical power distribution.
mented with a Si electronics layer and a III-V corn- Prvious proposals for the use of planar optical
pound layer for the optical devices to avoid the need guides have concentrated on their use as a point-to-
for true optoelectronic integration. In the figure, each point interconnection medium with planar optical ele-
element in a planar array of electronic processors is ments on the surfaces (or external to the guide) used
in electrical contact with an optical source and an op- to image and direct the light [Ref. 4-5]. In contrast, a
tical detector used for communications with the other true broadcast mode of operation is exploited in the
elements, present proposal.

The top layer, adjacent to that containing sources
and detectors, is the optical guiding layer which is de- Optical Power Distribution
signed to confine light to propagate within the plane. There are three dominant factors which determine
The guide may be designed to support one or more the fraction of transmitted power that is detected by a
nodes of the optical field in the dimension perpendicu- particular receiver geometry, propagation loss, and
lar to the plane, corresponding to the analogous cas- waveguide-to-detector coupling strength (see Figure
es of single and muli-mode cylindrical guide. 2). Broadcasting from a point source in two dimen-

Light propagates in the plane in much the same sions results in a received signal strength which is
way that radio waves travel along the surface of the proportional to the angle, 0, subtended by the detec-
earth: signals coupled omnidirectionally into the tor at a distance 1 from the source. The detected sig-
guide at any point on the disc are broadcast to every nal strength will fall as 1/1, unlike the case of broad-
receiving element on the wafer. The material may be casting in three dimensions, where the signal
either silica, deposited on the optoelectronic sub- strengths fall as 1/12. For a detector diameter d, and a
strate, or a semiconductor with appropriately wide wafer diameter D, the smallest subtended angle is:
bandgap to minimize propagation loss. To avoid 0 min -diD.

standing wave patterns, the edges of the wafer are

coated so that the optical signals are absorbed rather A 1 millimeter diameter detector at the maximum dis-
than reflected. tance from a source on a 4-inch wafer results in a sig-

Coupling of light from vertically emitting sources in- nal spreading loss of about 25 dB.
to the guide may be accomplished with high efficiency Since the signal strength depends on the detector
using perturbations in the waveguide [Ref. 31. The linear dimensions while the detector's capacitance
coupling strength between the guide and the detec- (and therefore its bandwidth) depends on its area, the
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geometry of the detector should be appropriate to ble case which is that of optical power distribution by
minimize area, such as a ring or an "X". Also, the de- an ideal star coupler. In this case
rector must be only weakly coupled to the waveguide = P IN
to avoid shadowing other detectors, as discussed be-
low. so that the penalty for using the planar configuration

is seen to be at most 118e, or 13.4 dB, and in bothPropagation loss, in a well designed waveguide, networks the received power falls asl1/N.
will be dominated by the signal absorbed by other de- netectors nearer to the transmitter will receive a

tectors along the path from source to desired detec- Detectly srer signmitThe maximum detected
significantly stronger signal. Temx mdtcetor. In the example shown in Figure 2, the signal signal is given by

must pass (n-I) - Did detectors to cross the wafer. If
the coupling between the waveguide and the detec- Pdet = (Ptrans2s)(JIN)i( ,
tors is set such that the fraction, C, of guided light so that the dynamic range (ratio of maximum to mini-
passing a detector is absorbed (C < 1), then the por- mum signal strengths) encountered at the receivers is

Source Detector

D

Figure 2 The minimum detected signal (i.e., tiat detected when transmitter and receiver are at
the maximum separation) is determined by th linear dimensions of the detectr and wafer and the
absorption of signal due to intervening detectors (see text)

tion of the transmitted light arriving at the nth detec- R = (4e ) (N  l2"

tornsII
(i-C)". The distribution loss and dynamic range are plotted

Since the coupling into the nth element is also C, the as functions of N for a 4-inch diameter wafer in fig-
detected signal will be proportional to ure 3. Implications of these results for the network

C (l-C)n . capacity are discussed below.

The coupling strength which maximizes the signal Sample System Parameters
in the last detector is just As an example of the application of such a net-

C = 1in, work, sample parameters are obtained for a single-
so that the detected signal is given by channel time-division-multiplexed data bus which

Pdet = Ptrans (012n) (]/n) (1-1/n)n. provides communications among microprocessors in
a wafer-scale multiprocessor array. Assuming a 4-For n larger than a few, the last factor becomes inch diameter semiconductor wafer equally divided in-

(I-ln)m - lie to N local computation regions allows, for example,
and the minimum detected power is approximately 30 square millimeters per element, or

Pdet = Ptrans (d/D) I (2we). about that of a microprocessor chip with 104 gates,
when N = 256. This area will contain electronic logicFinally, for the geometry considered here, this be- and storage as well as an optical transmitter and re-

Pdet=(Prap/8e) (I/N), We can estimate the maximum receiver data rate
by assuming that a receiver sensitivity of 1000 pho-

where N is the total number of elements in the array. tons per bit will be achieved, this is 100 times mom
The relationship above gives the minimum detected than the quantum limit for a bit error rate of 10"9. An

optical signal power for the planar-waveguide net- integrated optoelectronic receiver operating at
work. This should be compared with the best possi- 1.3 Pzm wavelength, and occupying only about one
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square millimeter of chip area, has already been dem- but this must be done sequentially since there is only
onstrated with a sensitivity of 5000 photons-per- channel. If even greater capacities are required, the
bit[Ref 6). Sufficient electronic gain to bring the sig- optical bandwidth of the medium may be exploited us-
nal level to that appropriate for the logic circuits ing wavelength multiplexing. Multiple channels might
would also be required. operate in parallel at different wavelengths or wave-

For ransmitter powers of I mW and power disri- length ruting could be used with tunable optical
bution loss calculated as discussed above, the m a ni- so r e or d t c r . Su h pi al b a c st y -
mumn received bit rate is found to be just under I Gb/s t m a e b e xl rd e t ni ey f rtl c m u
for N = 256. This bandwidth is then divided by the
number of element pairs to determine the bit rate iaonaplctnsndhvben emsrtd
available on average to each pair (about 7 Mb/s in using both conventional (direct) optical detection and
this case). The results are plotted as a function of N optical heterodyne detection [Ref. 7].
in Figure 3. It will ultimately be necessary to move data on or

Finally. the dc power dissipated by the optical off of the single wafer discussed here. This can be
sources must be compared with that expected from done using optoelectronic interface units. However,
the electronics. This ratio, assuming that the optical in order to achieve communications between wafers
components dissipate 20 mW of power per element, without restricting the total data flow rate, parallel in-
is also plotted in Figure 3. It shows that power dissi- terconrections will be desirable. One way to accom-
pation by the optical components will not be a signifi- plish this is through the use of point-to-point commu-
cant issue for N < 5000. nications links between corresponding elements on

The resulting network might be operated in a man- adjacent cascaded wafers. Coupling between arrays
ner similar to that of an Ethernet bus, although the may be accomplished using optical inmerconnections,
timedivision-multiplexed channel capacity is as although electronic connections may be adequate for
much as 1000 times greater and the propagation time this purpose. The resulting system completely inter-
is less thani one nanosecond. In use, the full band- connects a three-dimensional array with minimum la-
width would be available for individual data ransfers tency.
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Abstract
crossbar switch, whose complexity would

A 3-D optoelectronic multistage grow as N2 .
shuffle/exchange concept is proposed. It Implementing the PS interconnection in 2-
provides low time skew and pipelined routing D electronic technologies is difficult for large
for a large 2-D array of processing elements. PE arrays. The communication requirements

of the PS limit the useful array size and
Introduction bandwidth of electronically implemented PSs

due to time skew and coupling between
The perfect shuffle (PS) [1] is one of the most signals as well as to the large amount of
studied interconnection patterns for circuit real estate required for communication
multiprocessor architectures. PS links are paths. To overcome these limitations, free-
coupled to arrays of local 2x2 space optical versions of the PS have been
exchange/bypass switches to form proposed [5,6,71. These optical PSs replace
shuffle/exchange networks. These networks the physical electronic paths in a PS with
perform arbitrary permutations of the free-space optical paths by combining
elements in multistage interconnection imaging optical elements and simple shift
networks for applications such as routing and variant optics to achieve the regular PS
sorting [2,3]. The PS of a I-D array results interlaced pattern.
by interleaving the elements of the first half
of the array with those of the second half, Folded Perfect Shuffle
with the first and last elements remaining
unchanged in their position. For example, the The Folded Perfect Shuffle [8] (FPS) was
PS of the 8 element array, (1,2,3,4,5,6,7,8), is developed to take advantage of the natural 2-
(1,5,2,6,3,7,4,8). For a processing element D input/output array format of optics, yet
(PE) array of size N, a single stage of a maintain the ability to effect the traditional
shuffle-exchange network contains a PS of 1-D PS pattern, with its simplest 2x2
size N followed by N/2 exchange/bypass exchange/bypass switch requirements. The
units. Recently the sufficient number of key advantage of this approach is that the size
stages required for an arbitrary permutation of the PE array is not limited to the 1 -D
was proved to be no greater than 3log(N)-3 space-bandwidth product (SBWP) of the
[4]. Therefore, the total number of active optical system, but by the 2-D SBWP. For
switches required in such permutation example, a 1 -D optical implementation of a
networks grows as Nlog(N). Thus, multistage 1024 node PS would require a very stringent
permutation networks are appropriate for optical design with a SBWP product of -1024,
applications in which the number of elements whereas the folded PS implementation would
is large enough to preclude the use of a require an optical system with SBWPs of only

77



78 Photonic Switching

-32 along each dimension -- a much more back to the array. The PEs are arrayed on a
tractable criterion. 2-D rectilinear grid. The optical FPS network

The FPS approach is based on encoding the performs a FPS operation on the output
I -D array of nodes into a rastered or folded source array and folds the result back onto
2-D array, as shown in Figure 1. The optical the input detector array -- essentially
system required to implement the FPS pattern shuffling the array back onto itself.
consists of four appropriately positioned Electronic exchange/bypass switches, located
imaging lenses that magnify and overlap the between pairs of PEs, switch the signals
four quadrants of the folded input array. according to control signals and route the
Proper registration and interlacing of the signals either back to the emitter array, and to
overlapped quadrants can be achieved by the next FPS stage, or to the PEs after the
demagnifying and skewing the input array, multistage routing is completed. Figure 3 is a
shown schematically as a spatial encoding top view of the optical folding network which
input mask. If the input array is considered shows some of the ray paths for the top row
to be made up of "point source" elements, the of an 64 element FPS interconnection in the
required interlacing can also be accomplished network of Figure 2.
via a skew of the four imaging lenses with
respect to one another [91, thereby formatting 2.DPE
the input and output arrays on rectilinear amy PBs Msm•
grids. Figure 1 shows the input and output X....
PE locations of the FPS for N = 16. The
output array is a rastered PS of the input -
array, identically formatted, but inverted by
the imaging system. .. . ....
Figure 1. Basic Folded Perfect Shuffle s. 4-,e t
Concept (exploded view). - m,

Figure 2. 3-D View of Proposed Network.

Coupling the FPS to Exchange/bypass

Switches
2-D PE10BS 91PB

For many multiprocessor applications, the PEs ' *
will be electronic, necessitating optoelectronic" /-

network. With appropriate folding optics, the IX-
FPS can interconnect PE arrays located in the
same physical plane, through electronic No.
exchange/bypass switches also located in the

2-DPE PS itBo

PE plane. Several configurations are possible -. ea

to achieve the required routing of the UU=

shuffled array. Figure 2 depicts one approach x -,,,which requires that the array of sources be all
aligned in polarization. The source array is
imaged, through polarizing beam splitters onto Figure 3. Top View of Proposed Network.
a mirror plane, where two passes through a

quarter-wave plate rotate the polarization and Only one source and detector for each PE
pass it through the FPS optics, via the as well as one exchange/bypass switch for
polarizing beam splitters and folding optics, each pair of PEs are required for applications
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in which the multistage shuffle/exchange can for M = 4 stages. Since the FPS optical
be implemented using a single physical stage, system achieves the FPS interlacing by
with looping back of tle signals to synthesize magnifying by a factor of two, the source
a multistage switch. The optical FPS imaging array at each PE site will be a factor of two
system can be configured to shuffle the smaller than the detector array, as shown in
source array onto a correspunding detector the figure. The resulting network consists,
array, slightly displaced from the source therefore, of M interleaved FPSs connecting
array, as depicted in Figure 4. Each PE will interlaced but distinct arrays of sources and
require local intermediate storage to hold data detectors at the PE plane. As the signals
segments as they pass through each stage of propagate through a stage of the network, the
the network. Each PE will also require exchange/bypass switches pass the detected
appropriate opto-electronic interface circuitry, signals from one stage onto the spatially
such as multiplexers, demultiplexers, and displaced emitters of the next stage. At the
amplifiers. If a self-routing or packet final stage, the data are fed out of the routing
switching scheme is employed, each PE will network and into the PE.
require decoding circuitry as well.

0 I 2 3 4 .

0 1 2 3 4 .

E2, 0 soure

dwtcto exchangejbypass switch

•MUX/DeMUX op o-lectronac [
buffers } switching s

Figre . P swtchFigure 5. PE Plane for Pipelined Stag.

Figue 4 PEPlane for Non-pipelined Stages.
The pipelined network is achieved by using

Pipelined Network a single optical arrangement for the FPS
routing. This is made possible by the low

A key feature of this opto-electronic utilization of the optical SBWP product, for

shuffle/exchange concept is the potentially any single stage, for PE arrays of modera~e
large 2-D space-bandwidth product (SBWP) size (N~1024). Since the number of stages
of the optical system, with respect to the required for an arbitrary permutation network

number of PEs in the array. For grows only as log(N). the total SBWP
multiprocessor architectures in which N is a requirement for the pipelined
few thousand or less, the latency of the shuffle/exchange network ill grow only as
multistage network can be dramatically Nlog(N). Here the SBWP for the FPS optical
reduced by configuring it as a pipeline. system is defined as the optical blur spot size
Figure 5 is an example schematic of a PE I/O divided by the total area of the PE array.
layout required to implement a multistage Each of the four FPS imaging lenses must
pipelined permutation network. For each meet the SBWP criterion. Obviously, the
stage of the network, a source/detector pair is alignment and registration tolerances of the
required at each PE site as well as an source and detector arrays be sufficient
exchange/bypass switch for each pair of PEs. to fully utilize the SBWP product of the
The sources and detectors can be arrayed in optics. This SBWP can be fully utilized only
an interleaved fashion as shown in the figure if the opto-electronic elements can be placed
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anywhere within the particular PE boundary capabilities in the integration of opto-

that they serve. This implies that the digital electronics and digital IC technologies are

processing components of the PE wili be insufficient to exploit the advantages of the

interspersed between the sources and FPS. A major underlying assumption of this

detectors. If the Opto-electronic Integrated paper is, therefore, that OEIC technology will

Circuit (OEIC) designer does not have the develop to a level where sources and detectors

flexibility to place optoelectronic elements in designed for free-space operation can be

any location, then the lower bound on the reliably integrated with digital electronics on

FPS optical SBWP requirements will be a large scale. When this becomes a reality,

increased by a factor l/q, where qj is the the shuffle/exchange concept outlined in this

fraction of PE area allowed to contain paper will be able to significantly exploit the

optoelectronic I/O elements. As an example, advantages of optical interconnects for

for a network capable of arbitrary multiprocessor architectures.

permutations on an N-1024 array, the optical
SBWP must be greater than 3Nlog(N)/q. For Table 1. Estimated Performance of Folded

q=.5, the optical SBWP must be greater than Ovtoelectronic Shuffle/ExchanRe Network

approximately 250x250. Number of PEs, N >1024
Assuming high-bandwidth sources and Latency per stage -2 nsec

detectors, the data rate and network Skew per stage -50 psec

reconfiguration time will be determined by Optical SBWP requirements
electronic switch speed limits. The limiting - non-pipelined: > N
latency in the network will be due to the - pipelined: arb. permutation > 3N(logN)/1

round trip delay of the optical signals in the sorting > N(log2N)/

FPS optics. For a PE array that is several
inches on a side, a reasonable FPS optical
system will be approximately 1 foot in length. Acknowledgments
Accounting for the return trip through the
folded optical system leads to a latency Several useful discussions with J. J. Levy and

estimate of about 2 nanoseconds per stage. R. A. Athale are gratefully acknowledged.
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Abstract The optical devices, placed between the input and
the output at the spots of TIR of the substrate beam,

An experiment is described which shows the feasibility should either work off-axis (Fig.1), or be interfaced with
of combining a liquid crystal light valve beam deflector components of a similar nature. For this study, we have
with a holographic lenslet array in a solid optics chosen a device which works off-axis, namely a smectic
configuration. liquid crystal light valve (LCLV) [3]. A grating written

on the LCLV will deflect the substrate mode beam. The
methodology for programming such a beam deflection

Introducdiw device using an electrically addressed SLM has been
demonstrated in a free space configuration [4]. The

The constraining of an optical beam within a block writing of spatially multiplexed gratings to such a
using total internal reflection (TIR) offers a number of device in order to deflect several beams simultaneously
advantages for optical system construction, namely: was not demonstrated at the time due to the lack of a
modularity; compactness; mechanical stability; lack of memory effect in the liquid crystal layer. However,
turbulence; and reduced number of interfaces. The bistable ferroelectric liquid crystal light valves have
optical devices are placed on the surface of the block at since been fabricated [5], which would, in principle,
the spots of TIR, and index-matched to the block. If the allow the time sequential writing of gratings.
sources are similarly mounted, then there is the
potential to define the whole arrangement of devices on Source array Reflective SLM Destination array
one face of the block with microlithographic precision.
Because of the power of this concept for optical
computing, a special term has been coined, "three-
dimensional planar optics" [1].

One important optical element for the practical
realisation of this concept is the off-axis lenslet array
with short focal length. This permits the interfacing of
a planar source array, emitting normal to the plane, to a Legend: Off-axis lenslet array
substrate mode which propagates by TIR along the
substrate. It is functionally equivalent to the prism/or Optical beam path

grating coupler in 2-D integrated optics. Moreover,
when placed at the output, it allows increased receiver Figure 1. Schematic diagram of 2D reconfigurable

aperture without increasing the area of the receiver interconnecL
itself. We have fabricated holographic lenslet arrays of
390 un focal length in 100 x 100 formats [2].
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AplicJJaflo Experimental details

The application areas for 3D planar optics are numerous The schematic arrangement of the experiment is shown
and widespread. In this discussion we highlight two in Fig.2.
examples from the more restricted applications for space The light source is an Ar laser which enters the glass
variant interconnect. Int the first place, we consider block by a prism coupler. A convenient size for the
programmable N x N circuit switches for block was 30 x 10 x 1 cm3 , which allowed a suitable
multicomputer and telecomms interconnects. In the spacing of the white light projection used to write the
second place, we deal briefly with the separate cases of grating, and the stereo microscope used to view the
fixed and programmable fan-out elements for neural focal plane pattern above the gelatin film. In addition, it
networks. In the circuit switch application, the salient allowed 25 cm beam path between the deflector and the
advantage of the beam deflector configuration is that the hologram, so that a relatively large deflection distance
link insertion loss is independent of the parallelism of was achieved at the hologram.
the interconnection network [4]. This is important when The LCLV was the same as that investigated in [31,
compared with other optoelectronic switching options namely a ferroelectric liquid crystal/ amorphous silicon
such as the matrix-vector-multiplier optical crossbar, photoconductor sandwich made by STC Technology
where the losses scale at least linearly with the number Ltd.,UK. The thicknesses of both the liquid crystal and
of links, and commonly are quadratic in the number. the amorphous silicon were about 2 jim. The off-axis
Such quadratic losses will impact system performance performance of the ferroelectric liquid crystal is good up
for 32-way computer links at 100 MHz [6]. With to quite large angles. The diffraction efficiency of a low
improved devices and system design, this upper bound spatial frequency grating written on this device is a few
may be improved, probably to 64-way links at 1 GHz. per cent. The theoretical maximum for a binary
However, higher levels of parallelism should be amplitude grating is 10%, but incomplete angular
foreseen. Moreover, a second advantage of the beam switching in the liquid crystal attenuates this by a
deflector compared with this option, is the facility of further factor. It is anticipated that the new generation of
the planar optics configuration for imaging bistable liquid crystal devices,which provide full angular
arrangements, compared with anamorphic beam switching, will show diffraction efficiency close to the
expansion. With regard to telecomms traffic where the theoretical maximum. This lenslet array has a focal
parallelism is higher, but the data rate is lower, link plane about 2 mm above the surface of the photographic
loss is also an important consideration. Also of emulsion. The lenslets are on 100 gim centers, and
relevance is whether a convenient scheme can be devised accept beams at an angle of 450 ± 30 with about 5%
for interfacing the lenslet array directly to fibre, albeit diffraction efficiency. The recording is in bleached silver
the NA's of the lenslets would have to be reduced for halide of thickness 7 pm, for which we would expect a
efficient coupling. typical diffraction efficiency of 20%. For layers of either

With regard to neural networks, the system loss is dichromated gelatin or photopolymer, the typical
less of a consideration. Moreover, the layering of such efficiency would be higher than 60%. All the
networks conceptually fits in with the possibilities for components were index matched to the glass block
modularisation in planar optics. For example, one using paraffin, which was convenient for demonstration
module might act as one layer of the network, which is purposes because it does not dry. The beam from an Ar
functionally composed of: a fan-out element; a space- laser was focussed by a 40x microscope objective and
variant weighting; a fan-in; and a non-linear
thresholding. The modules, which are each a separate Grating

block with associated devices and optical elements, write
might be interfaced with one another to high precision
using etching techniques. Therefore, a high connectivity
can be maintained between the layers of the network, local plne
which is not possible with electronic implementations. L CtV

For the fixed interconnection module, the fan-out and Glass r gelatn

weighting are performed by a computer generated BlOO& film
hologram, and the fan-in and thresholding are carried out
by either an all-optical non-linear array or a smart SLM.
For the programmable interconnection module, the fan-
out and weighting would be carried out by a real-time Figure 2. Schematic layout of components for beam
holographic recording device, deflector experiment.
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imaged onto the lenslet array using a 160 mm focal the min. grating frequency to 340 lp/mm or increase the
length lens. aperture to 85 mm. In the 2-D case treated here, the

channel capacity will be squared, but the resolution of
Results the LCLV allows a minimum grating frequency of only

35 lp/mm. Therefore, the maximum channel capacity,
When a 10 lp/mm grating is written on the LCLV, then extrapolating on the basis of this theory, is about 2000
two diffracted spots appear in the focal plane of the channels.
output lenslet array (Figs. 3(a) and 3(b)). These are the In order to understand whether such a channel
+1 and -1 diffracted orders of the substrate mode beam. capacity might be maintained in a practical system, we
The diffracted spots are displaced by about 10 lenslets estimate typical component values and then alignment
from the central spot, and this in accord with the tolerances. If the min. grating frequency is 35 lp/mm
expected diffraction from a 10 lp/mm grating on the and we wish to have N distinguishable, equally spaced
LCLV. The beam was weakly focussed on the lenslet spots in the first diffracted order, then the aperture of the
array, and the spot size at the LCLV was about 1 mm. diffracting element should be N/35 mm. If we retain the
Due to the finite spot size and the overlapping nature of overall SLM aperture of 50 mm used earlier, then we
the lenslets in this particular hologram, the zero order find that the overall channel cnpacity should -he reduced
spot consists of a number of spots. The first order spot to 1600, i.e. N=40. In order that the LCLV aperture
consists of only one resolvable spot, and we assume does not increase the total deflection range required, a
that surrounding spots were below the threshold of the lens should be added between the LCLV and the
camera. In a practical arrangement (see Fig.1), the spot microlens array. The destination array can now be made
size would be smaller and the lenslets would not be more compact. However, it would be beneficial to make
overlapping, the source array of similar dimensions as the LCLV, in

order to reduce alignment sensitivity. For example, if
the aperture of the lenslets is 1.3 mm, and their
numerical aperture is commensurate with that of the
source, say 0.2, then their focal length is 6.5 mm. The
axial alignment tolerance of the sources can now be
calculated for a channel capacity of 1600. The axial
misalignment of the sources produces a beam divergence
which should be sufficiently small that 40 times this
divergence will be less than the total deflection angle
available from the LCLV. In this case this allows a
tolerance of 20 ^.n, which should be readily attainable.
The tolerance along the planar axes is less critical

a) b) because the positions and frequencies of the gratings
Figure 3. Focal plane array: a) without grating; b) with recorded on the LCLV can be adjusted to accommodate
grating. small planar misalignments. The total deflection angle

available from the LCLV at 850 nm is about 2', so that
System analysis the lenslet array should have this angular acceptance.

With regard to the fixed interconnect neural network
application, the grating element performs the functions

Certain projections can be made for the applications to oflfanon eghting formp e have
circuit switching and neural networks using this o a-u n egtn.Freape ehv
cfirtwitng ah euarl two r t usith fabricated uniform (unweighted) 1-D fan-out elements
configuration. With regard to te rut sit for a 1:9 fan-out with intensity variations of ±7% using
application, the resolution and total aperture of the light agrtnpeodf50 m18.Wewudxec

valve are critical parameters. The operating range of the aratins o sml od for a r wegtd fan-
gratng eamdeflcto isbetwen miimumgraing variations of a similar order for a binary weighted fan-

grating beam deflector is between a minimum grating
frequency and twice that frequency, so that higher out, i.e. coding zeroes and ones. More levels can be
dffrequen andetwseo t ftreuencyssotat h.Ihe conceived, but the number would be ultimately limited
diffraction orders do not introduce cross-talk [7]. In the by the intensity variation. We intend to make a 2-D fan-
same reference, a 1-D grating etor has been analysed out to avoid the loss in efficiency from cascading two
in the case where cross-tlk limits the channel capacity. 1-D elements. In order to ensure that the destination

It is found that when the minimum grating frequency is -elmnsInodrtesuehatedsiain
200 is found the apertureis 50 mm, then the array is in the Fourier plane of the fan-out elements, a
200 lp/mm and the aperture is 5. r er to lens would be inserted between the array and the fan-out
maximum number of channels is 75. In order to
increase the capacity to 100, one must either increase eeet
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Abstract paper transforms lines into points and certain sets of

A geometrical approach to the numerical representation lines (in the following called pencils aid bundles) into

and analysis of 3-D optical interconnections and 3-D ar- lines (more precisely, into algebraic manifolds) on higher

chitectures is presented. The application to the algo- dimensional Grassmannian spaces. For the description
rithm and system design is discussed of an arbitrary line in 3-D four parameters are needed.

Therefore, the set of the real quadruples (xo, xi, 2,3),

I. Introduction indicated by P3 , is assumed for the definition set of 3-D

In photonics systems the free space light beams for the optical interconnections.

interconnection of arrays are the important elements. Lines in 3-D interconnecting the points (zo, x1,_
Projective geometry deals with elements which are in- 2,2Za) and (yb,yN, , p) are transformed into points
variant with respect to a projection. These elements
are points, lines and planes. The motivation for the on-
going work in this field is to study the utilization of the
massive parallelism of digital optics on the algorithm le-
vel. For this purpose (amongst others) ideas are applied
which have been suggested already one century ago by F.

Klein (Erlanger Programm), J. Pfluecker and H. Grass-
mann [1].

The purpose of applying the presented framework - 01

is (at least) twofold. First, projective geometry is cho-

sen because of its dual concepts (for each object, theo-
rem and property a dual object, theorem and property
e x i s t s ) [ 2 ] . S e c o n d , a f t e r t h e i r t r a n s f o r m a t i o n i n t o G r a s s - ---- .- ----
mannian spaces 3-D patterns and 3-D architectures mayC_.
be represented by polytopes (3]. Hence, algorithms and a

techniques developed in computational geometry may be
applied to the evaluation and analysis of optical inter- - -2 -1;3 X 2

connections and architectures [4]. Combinatorial algo. o >--
rithms are defined on polytopes with the solutions loca-
ted at their vertices [5]. Therefore, the ideas and results
of three strong and traditional fields may be utilized for
photonics system research: Projective geometry, compu- $2-D"(2,2,2,2) in P3 (above).
tational geometry and mathematical optimization tech- Figure . Definition of s osan ( cicles) in 3 o
niques. But the present paper may be viewed only as a (2,2) shuffle (crosses) and unshuflie (circles) in Gs, 1first step towards the solution of this class of problems. (below). (SGPS for symmetric generalized perfct shuf-

fle. The 3-D hyperbola represents symbolically the Pflu-

II. Lines, Pencils and Bundles ecker quadric. G3,1 for the Grassmannian space of lines

The mathematical framework applied throughout this in P3. 1i = X4 = 23 = 0,:. = -1.)

85
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on a 6-D hyperbolic quadric (Pfluecker quadric) by the A bundle is a set of lines through a given point if
bijection ziy - zjy (i 6 j = 0,1,2,3). To each point (at least) any two lines lie in one plane. Another advan-
in G3 ,1 a hyperbolic plane through zero exists being the tage of Grassmannian spaces is the mapping of bund-
dual geometric object of a line in 3-D. Lines which in- les into lines (more precisely, into algebraic manifolds).
tersect lie on the same hyperbolic quadric and have a The presented notation of a bundle simply corresponds
certain orientation assigned with zero. The orientation to geometric ray optics. Throughout the present paper
of all the other lines and hyperbolic planes is nonzero ac- bundles are applied to model the edges of a node of a bi-
cording to the evaluation of a polynomial of 2nd degree partite graph. (For the purpose of this paper a bipartite
[6]. graph is the triple (V, V2, E) where in the symmetric

Similar, arbitrary lines in 4-D, 5-D etc. are trans- case I V1 1=1 V2 I (V for vertices, E for edges). A hi-
formed into higher dimensional Grassmannian spaces, partite graph represents a MIN for the purpose of the
in the following called G,,,1 (n > 3). In particular, ex- decomposition of a given permutation.]
pressing lines in an n-dimensional space by the following Bundles and lines may be combined representing
scheme (hyperbolic, elliptic and parabolic) nets [7]. The limit((0) X() () 0 n) case of a parabolic net (all lines in parallel) is called

X(1) (1) (1) ... X(l) a parabolic pencil. For the purpose of this paper apencil is a set of lines within a plane and parallel to
and forming (n + 1 different determinants of size each other with equal orientation [8]. Therefore, a pen-

2 cil is the proposed model for interconnections establis-

2x2 gives the Grassmannian coordinates (of 1st order). hed by means of frequency division multiplexing tech-
This bijection transforms lines from the projective space niques (FDM) and frequency conversion methods (FC)
P, into the Grassmannian space G, 1 . In contrast, the [9]. Pencils and bundles may be expressed by Pfluecker
set of points in G, 1, which lie on a hyperbolic quad- coordinates and evaluated numerically.
ric may be interpreted as the (Veronesian) space V2
of the projective dimension 1. Thus, III. Cross Ratio and Projective Distance

2 - (at Throughout the ongoing work projective transformati-
least) three different spaces and their relationships may ons are applied for the design of algorithms and archi-
be considered for the analysis and synthesis of 3-D in- tectures of photonics systems. But in the projective
terconnections and architectures (Fig. 2). space P, no simple metric to measure distances exist

Grassmannian spaces carry a minimum point geo- (7]. Throughout the Erlanger program [1] the invari-
metry but are nonlinear (except trivial cases) though li- ances between different geometries were analysed. An
near subspaces may be constructed. Another advantage important invariance in projective geometry is the cross
of G., 1 is their relationship to the geometry of skew- ratio (CR) originally expressing the ratio of distances
symmetric matrices [2]. between four points on a projective line (8]. In par-

ticular, given the points M1 , M 2, Ma3 and M 4 with the
coordinates m1 < M 2 < m3 < M 4 , then the cross ratio
is defined to be

CR(M1 M 2M3 M 4 ) = (M3 - m)/(m 2 - M)

Figure 2. Spaces for the geometrical analysis. and Eq.(1) may easily be generai.zed to any projective
dimension (7]. The CR remains invariant with respect

T 1 00@ to any projective transformation in P, as well as in G, 1.

<M rm I xa-xp

-3 -2 i[-1 [ i i I r r tI
1 XI(X~~ ~~3) j i' I i

_ _ _ _ _ m3 _____________)-_,, ttt.t .t ......

_______3_WW__WT -1

Figure 3. 2-D bipartite graph representing a planar mul-
tistage interconnection network (MIN) with four 4x4-
switches (lhs). The 1st bundle (lhs) is transformed into Figure 4. Interconnection of data in the frequency do-
four points (x) in G3,1 with the coordinates (zi). For main (above). S3.SDGPs( 2 ,2 ; 2 , 2 ;2 ,8) for the interconnec-
this simple example the dual hyperplanes*are the lines tion of two 4x4x4x16 data cubes (NSGPS for non-
through the origin (mi = 1 for i=1,2,3,4). SGPS). Frequency pencil for the S(2,8) pattern(below).
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Eq.(1) corresponds with the Hilbert metric [101 expres- nes (which generate the dual polytope) and their rela-
sing the distance between two lines inside a cone (cf. tionships (collineation, correlation) are of interest. But
the 1st bundle on the lhs in Figure 3 and the bundle of for the final step (general photonic system design) the
lines in G3,1 on the rhs) by applying the log-function to geometry of the polytope is also important. The geo-
both sides of Eq.(1). metry means edges, vertices, faces, facets, the height,

Eq.(1) is independent of the distance between the diameter and paths of a polytope. The first four quan-
interconnected edges of a bipartite graph (the CR of di- tities constitute the Euler equation. But faces, facets,
stances between points on a projective line remains con- height and diameter of a polytope are also important
stant during any projection). By means of this measure for the solution of linear programming (LP) problems
we are able to evaluate the projective distance between on convex polytopes [3].
bundles of lines in 3-D. But this quantity may also be The existence of a polytope representing an inter-
applied to evaluate the distance between the correspon- connection pattern is assumed. Then the convex hull of
ding points on a hyperbolic quadric. Thus, Eq.(1) and the (vertices of a) polytope prescribes a (linear) system
the addressed Hilbert metric may be applied to express of inequalities
the CR and the projective distance between bundles of AX < B (2)
hyperplanes in Gn,,. (A bundle of hyperplanes through which may be deduced from the coordinates of the edges
the origin of G,,,, is the dual object of a bundle of lines by means of some linear algebra. For example, the con-
in P.) vex domain in Fig. 1 (rhs) is bounded by z3 = -Z2+3, =

IV. Polytopes X2/2, = (X2-3)V2, and = -X2 from which A and B may
A polytope is simply a polygon in a d-dimensional space be deduced. Eq.(2) may be viewed as the constraint
(d > 3). For the purpose of applying optimization tech- conditions of a LP problem [5]. The set of more than
niques only bounded polytopes (BP) and their convex one row in Eq.(2) determines a volume which is called a
hull Conv(BP) will be considered. If the number of ed- halfspace (HS). A (non-trivial) face of P is determined
ges equals the dimension of the polytope the volume of by F = Pfl HS. A facet is a face of dimension d-1 (Fig.
a d-simplex (in 2-D it is a triangle, in 3-D it is a tetra- 5). The volume of a polytope may be expressed by
eder etc.) may be evaluated analytically (all coordinates
linearly independent) or numerically (dependent coor- V(P) = V(Fk). (3)
dinates), respectively [11]. But the computation of the
volume of an arbitrary polytope is a difficult problem whereby V(Fk) is the volume of the k-th face [3].
[12].

Example : Throughout the paper the permutation P of V. Evaluation of Interconnections
the numbers 1,2,...,16 into the sequence 1,9,5,13,3,11,7,- Interpreting the coordinates of G,, 1 as the vertices of a
15,2,10,6,14,4,12,8,16 will be considered. polytope interconnected by undirected edges any regular

For the ongoing work the vertices of the polytope and nonregular interconnection pattern may be repre-
(points in a Grassmannian space), their dual hyperpla- sented by a d-dimensional polytope (d = ( + )2 )

Therefore, the evaluation of interconnections in Grass-
mannian spaces means the evaluation of the correspon-
ding polytope. Several possibilities were considered:

(1) Quadratic forms (sum of squares of the coordinates)
(2) Absolute differences between the lengths of these

- . vectors.
(3) Volume of the (convex) polytopes made up by the
coordinates.

Facet The quadratic form , Xl is easily deduced from the
equation for the Pfluecker quadric by appropriate sub-
stitutions [1] but it takes into account the contribution
even of parallel arranged vectors. For N2 interconnec-
tions the number of N2(N 2 - 1)/2 differences have to be
considered and this analysis may be extended to a sta-
tistical analysis of the absolute vector differences (Figs.
6 and 7). A small volume of the polytope (or a small
difference between the vectors) expresses a local pattern

Figure 5. Polytope in G3 ,1 representing the permuta- whereas a large volume (difference) represents a global
tion P of the Example. [H is a supporting hyperplane pattern [13].
defining a facet [5]. X3 = X5 = Xe = 0.1 The question arises about the most appropriate choice
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of the free parameter (4th, 5th etc. coordinates). From a similar behaviour is expected for other geometrical
the theoretical framework we know that the transfor- quantities of the polytope. Analysing the influence of
mation of lines defined in PL into Gn,, is a bijection. additional free parameters (5th coordinate etc.) shows
Further, the kernel of Gnl is assumed to be zero iff n is similar results. In particular, in a certain range (which
an odd number which is a result of symplectic geometry depends on the other coordinates) the average vector
[2]. (Kernel means the set of lines in P3 which is map- difference has a global minimum with respect to the 5th
ped into the zero element in Gn,1 .) From this we simply etc. coordinate (Fig. 7).
may conclude that the 4th, 5th etc. coordinate has to VI. Decomposition of Permutations
be chosen in a way to avoid equivalent coordinates in Similar to the representation of regular and nonregu-
G,,, for different coordinates in P,.lar optical interconnections a given permutation may be

The next question arises whether the free parameter transformed. For the distributed control of nonblocking
is able to carry architectural information or not. The MINs the requested permutation has to be decompo-
presented analysis shows that for each distance between sed into its reducible permutations and the binary num-
the arrays (3rd coordinate) there exists a global mi- bering of the latter complements the tag for the self-
mimum of the absolute vector difference (Fig. 6) and routing scheme. Permutations are decomposed most

successfully by coloring the bipartite graph which re-
50 3-d Coordinaote presents the MIN. There, the switches equal the vertices

€, 1 and the edges are the paths from an input switch to the
\423 corresponding output switch (Fig. 3 lhs).

Z 40 If the bipartite graph is completely connected (all
edges intersect) the whole system lies on a single quad-

3 ric. Then instead of coloring the edges of a graph the
30 two sets of points on the quadric (each representing the

S12graph seen from the lhs and rhs, respectively) may be
4 -colored (Fig. 1). Further a path through a 3-D MIN

15 is made up of intersecting lines which lie on a single
quadric after their transformation. Therefore, the geo-

10 metrical representation of a MIN by different polytopes
for each stage and their analysis is of current interest.

5

0 2 4 6 8 10 12 14 16 18 X 5

4-th Coordinote 52

Figure 6. Average value of the absolute vector difference /
vs 4th coordinaLe ior the interconnection of 8x8 (=64) 3 1

data elements by S PS(2,4; 2,4).1 3

5-th Coordinate I

4

L 30
0 20 ~ 2 2*

Figure 8. 2-D lay-out of the decomposition of permuta-
10 

- tion P. The (forward) polygon in Fig. 8 is generated by
P seen from the lhs. An equivalent (backward) polygon
is generated if P is seen from the rhs (Fig. 1). [The
four rectangles represent the reducible permutations (I,

l1o_ II, I1, and IV) and 1, 2, 3, and 4 means different co-

id....2 30. lors. The convex hull is indicated by the dashed line.
4-th coordinote X = 2 = X3 = O,zs = -- 1.

Figure 7. Average value of the absolute vector difference
vs 4th coordinate for a distance of 8 units (3rd coordi-
nate) and two free parameters (4th and 5th coordinate).
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Algorithm:
Given a permutation of N2 elements and a MIN with The final result represents colored walks through the
kxk-.witchus. polytope (Fig. 9). Several models are known (traveling
(1) Transform a permutation into G,. 1 according to a salesman etc.) and their solutions have been presented
2-D lay-out (Fig. 8) or a 3-D lay-out (Figs. 5 and 9). [51.
(2) Subdivide the transformed permutation dimply into
k parts with N2 /k elements each [141. Refezence.
(3) Start with an arbitrary coloring of the lst permu-
tation of the original (forward) polytope. 1. F. Klein, Vorlesungen ueber lweherr Geometric
(4) Color the tranformed bipartite graph by interactive (Springer Verlag, Berlin, 1926) p.121,166.
coloring the vertices of the forward and backward po- 2. W. Burau, Mehrdimensionale projcktive und
lytopes. hoehere Geometrie (VEB Deutscher Verlag der

[The algorithm has to be applied to each of the redu- Wissenschaften, Berlin, 1961) p.286, 384.

cible permutations in (2) until the MIN is homogeneous 3. B. Gruenbaum, Convex Polytopea (J. Wiley,
(equally sized switches).] London, 1967) p.130,218.

4. F. P. Preparata, and M. 1. Shamos, Comnputatio-
naal Geometry (Springer Verlag, New York, 1985).

5. Ch. H. Papadimitriou and K. Steiglitz, Comn-
.1 binatorial Optimization (Prentic Hall, Inc.,

7/ ~'Englewood Cliffs, 1982) p.35.
X4 , 6. B. Chazelle, H. Edelsbrunner, and L. J. Guibas,

/ "Lines in Space - Combinatorics, Algorithms and
/ Applications," in Proceedings of the ACM Sym-

posium on the Theory of Computing, 1989,
pp.382-393.

I ,T . 0. Giering, Vorleaungen weber hoehere Goe
X2 trie (Friedr. Vieweg Verlag, Braunschweig, 1982)

p).223.
S. N. V. Efimov, Higher Geometry (MIR Pub-

Xl lishers, Moscow,1980) p.120.
9. G. Groaskopf, R. Ludwig, R. Schnabel, N.

Schunk, and H. G. Weber, "Frequency Conver-
'1 sion by Four-Wave-Mixing in LD Amplifiers,"

in Photonics Switching U (K. Tada and H. S.
Hinton, Eds., Springer Verlag, Berlin, 1990),

4\ in Proceedings of the Internationial Topical
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X4 3 10. E. Kohlberg and J1. W. Pratt, "The Contraction
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topes (Cambridge University Press, Cambridge,
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Abstract

Free-space interconnection of widely spaced pixels may
be implemented using microlenses, rather than
conventional imaging. Advantages, problems, and
studies of systm capacity are discussed.

Introduction _

Free-space optics offers a means of exploiting the large /

bandwidths of optical signals and the high densities of
optical imaging[l]. Many of the free-space optical
computing and switching systems proposed and

constructed thus far have relied on conventional
imaging using bulk lenses[21. The optical systems in
these experiments must provide large space bandwidth

products (SBWP) since they offer high resolution over
the entire image field.This is acceptable since a large

fraction of the device array area is commonly used for
optical I), due to fabrication[31 or cross talk issues[4].
However, in many applications, the percentage of the EMRitT

total area occupied by the optical 1/0 windows will 5

decline as the amount of functionality per pixel is
increased (e.g. "smart pixels" as in Fig. 115]). If the Figure 1. "Smart" pixels with optical/electrical 1/0
number of optical ljOs remains large, then the object

and image fields provided by the lenses must grow. The Since the large SBWP of the bulk lenses is not being

requirement of high resolution across larger fields will fully utilized in these applications, it seems reasonable
continue to increase the cost and complexity of to investigate means by which the required high

conventional optical solution. Additionally, the resolution (<10 ;un) can be supplied only at the optical

increased field angles of the beams propagating between I/O windows, or groups of windows. One means of

the lenses may introduce unwanted polarization effects doing this is to provide a separate optical relay system

at the polarization beam splitters and retarder. for each pixel, as shown in Fig. 2.

90
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Sources Detectors area, the microlens diameters will be less than about 500
n, hence diffraction effects will be significant. Further

practical considerations are that the detector and
too 16modulator/emitter areas must be minimized to allow

Ihigh speed operation with low power dissipation and/or
o slasing thresholds. Similar arguments apply to the

* minimization of power loss. To simplify this initial
analysis, we will assume that the emitter/modulator and
detector areas are identical and that the microlenses may

Wlens, lens2 be approximated by ideal thin lenses. Thick lens and
aberration effects will be the subject of a later study.

Figure 2. Microlens relay: simplest case. The effects of diffraction on the system size and
performance have not been extensively explored.

These "micro-beam relay" systems have several Diffraction effects are significant since their presence
attractive advantages. They may provide high introduces power loss, crosstalk, and (in some schemes)
resolution, but only at the sources and detectors, where coherent artifact noise. The minimization of diffraction
the high resolution is required. Field dependent effects can greatly impact the total number of channels

aberration contributions are negligible since each supported in a given volume, and especially the
microlens images on-axis and only spherical aberration system's optical and mechanical tolerances.
must be controlled. Fabrication of arrays of simple,
(possibly aspheric) microlenses appears to be possib!,; at Microlens Relaying of Gaussian Microbeams
low cost. The small diameters and short focal lengths of A Gaussian beam propagation model[131 is
these microlenses may allow the design of compact illustrated in Fig. 3. This figure illustrates the symmetric
optical systems. All of the "microbeams" propagate at relay case, where ideally zl=z4 . z2 =z3 , and f=f3. The
the same angle, so angular effects at the polarizing beam divergence of the Gaussian beams may be expressed in
splitters and retarders are no longer present. Finally, terms of the beam irradiance e-2 radius;
there also exists the potential for a high degree of w(z? = w0

2 (1 + (zlzR 9 ),
parallelism. Thousands of parallel high speed where z is the propagation distance, w0 is the e -2 radius
connections could be supported in a volume less than of the input waist, and
that of a (1 inch)3 beam splitter. zR = Rayleigh Range = 7CWo2/ X

The use of microlens arrays for optical The distance to, and size of the intermediate waist, w2 ,
interconnections was proposed by Iga et al in 1982[6]. can be expressed in terms of the magnification factor, c:
More recently there has been renewed interest in the use z2 =f+ 2 ( Zf)
of microlens arrays for optical interconnection and
switching[7-12]. Specific applications of microlenses where a = w2/w0 = If 1/4{ ( z, -f)2 + zR2

include board-to-board optical interconnections, chip- The diameter of the microlens is determined by the
to-chip or between multichip modules, planar or divergence of the source radiation, the source to
substrate-mode optical systems, space-variant facetted microlens distance, z1, and the desired amount of
hologram interconnections, and 1 -D and 2-D fiber array clipping of the Gaussian beam at the microlens. This
interconnection. amount is expressed by the clipping ratio,

In this paper, we investigate these "connection
capacity" issues for a microlens systems supporting L
thousands of high speed (500 Mbps) channels. source 10- detector

Fundamental to this study is the fact that practical Zl Z2 ZJ Z4

system designs must incorporate mechanical and optical ........
tolerancing data. We will assume that the signal sources 3 i

emit (or modulate) coherent light with a Gaussian 2W9 Dfr 2w2  2w4
intensity profile at a wavelength of 850nm. Such sources

might include SEED-type modulators or surface f= microlens focal length
emitting microlasers. We will also assume that two- = waist to microlens distance
dimensional arrays (of size NxN) of sources and Dk,, = microlens diameter
detectors will be used. We wish to maximize the linear -2

number of channels, N, under the assumption that the 2w - waist diameter at e 2 points

maximum area of the "smart pixel" chip is less than
(20mm) 2. To support thousands of connections in this Figure 3. Gaussian beam relay by thin lenses.
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1% Maximum Cuppingclipping rad= D,,/ 2W,, normalized waist diameter (2wo)
where wl,, w(z1 ), and the power loss for several 1.
clipping ratios is shown in Fig. 4. Note that when I

=1.52. or D,,=3wj.. only 1% of the beam power is 0.9
lost, and that when k=2.12, only 0.1% of the power is 0.9
lost. Clipping thus causes power loss which can lead to 0 1%
crosstalk between channels, but it also can have
dramatic effects on the basic function of relaying the normalized waist position (z2)
waist of the emitter/modulator to the detector. As shown A
in Fig. 5, clipping by the lens can cause the relayed 1.1 ., A L

waist's position and size to be changed from that 1 I VV
predicted for an infinite lens (no clipping). The 0.91
diffraction effects caused clipping at the microlens 0 1%
aperture can be viewed as an effective change in the
input waist radius, wo0fI[14]. 13.5%Maximum Clipping

This change in the effective input waist radius normalized waist diameter (2w0)
changes the size and location of the intermediate waist,
w2.The amount of change can be quite significant, even A1,A A
for small amounts of clipping, as shown in Fig. 6. These ' ' V V 

V V

changes also have a large impact on the "first order" 0.7
design of these microlens systems and for clipping 10%
ratios less than k=2.12, they should be taken into
account. For clipping ratios greater than k=2.12, or 0.1% normalized waist position (z2)
power loss, the diffraction effects are small, and may be
ignored in this analysis.I

w~eff = wo ( I ee-t'2 COS[piI14n]J 0.6 _________________V

wherepf=f2=1/zR, x=(k) 42/w ., andk> 1.

Figure 6. Intermediate waist size and position
normalized to the unclipped size and position
plotted against percentage of power clipped.

k = &,,w.
Connection Capacity

The design space for even the simple microlens system
of Fig. 3 has six primary free parameters: the source

2WkV 13.5%, kWl waist radius, wo, the microlens focal length, f, the
1%, W=1.52 source-to-microlens distance, z1, the distance between

0.1%, k-2.12 microlenses, L, the acceptable clipping ratio, k, and the
maximum number of channels that may be supported on

Figure 4. Clipping ratio, k, and energy loss. the (20mm) 2 chip. In practice the design space includes
more than just these six parameters, since the required

99% envelopes alignment tolerances in three dimensions, for three of
the four planes must also be taken into account. We can
gain some analytical insight into this design problem by
establishing the following constraints to minimize the
number of free parameters, then using graphical

ku2k-l,$ techniques, investigate the trade-offs between the

2Wo remaining free parameters.
We would like to maximize the distance, L. between

the microlenses for most of the applications mentioned
in the introduction. A minimum required propagation

Figure S. Effects of clipping on output waist. distance common to most of these applications is
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.f+ Z. f +j/2R (specified as the 99% diameter, 3w0 ). The number of
"-- channels supported by the first collimator, within the

(20m)2 chip size limit, is maximized for small source
7 sizes (=10 pt 99% diameter), focal lengths (<1mm),

2wo DM 2W2  and the microlens must be fairly fast (< F/3). The second
c = w2 wo= If I I2z collimator definition can support a similarly large
(a) number of channels using larger source sizes (-150 Jim

f f 99% diameter), and focal lengths (10mm). Such large
4 . 4source sizes are less desirable, but the very slow ( F/30)

microlenses are attractive due to aberration and
optomechanical tolerance considerations.

2w Dm 2w2 While this analysis can estimate the maximumchannel capacity and performance of the microbeam

a = W21W = Ill / ZR relay system of Fig. 3, the realization of such a system
(b) will further require that the system has low loss and

Figure 7. Gaussian beam "collimation": reasonable optomechanical tolerances. As an example
(a) maximum lens-to-waist distance of these tolerances, the next section discusses a relay
(b) minimum divergence system for the first collimation case, with k=2.12, lOpm

L > NDl s  source/detector diameters (99%), using f=868m
Dk,,=313pm microlenses, and L=20mm, which

or that the distance between microlenses be at least as supports 64x64 channels in a square matrix.
large as the linear dimension of the chip. As will be
shown in the next section, tolerancing arguements can Optical and Mechanical Tolerancing
justify the use of a clipping ratio of k=2.12, which fixes
another parameter, but still leaves us 4 free variables. The microlens relay system of Fig. 2 has four element
We can interrelate the variables z1 , f, and wo by planes which must be aligned to one another in all three
examining two definitions for "collimation" of Gaussian dimensions. The tolerancing of the example system
beams. One definition of collimation (Fig. 7a) described above was analyzed via a computer model
maximizes the distance between the lens and the which accounts for the clipping induced variations
intermediate waist, z2 , while the other definition (Fig. described earlier. The parameters wO, zJ,fl, L,f 3 , Dwl,,
7b) minimizes the divergence. These definitions define and Dk. 3 were individually varied over +/- 10% C F
zj in terms of f and wo, which allows the generation of their nominal values. The corresponding percentage
plots such as those in Figs. 8 and 9. These plots show changes in output waist size and position (w4 and z4)
the maximum number of channels, f-number, and were plotted(figure 10), along with the percentage
resultant chip dimension as a function of microlens change in the energy coupled into the 101im detector.
focal length, for a range of source/detector sizes These plots provide some insight as to the critical

Collimator case: zl=f+zr
0

0

oc

C 2.1

oo

400 800 400 800 400 800

f f f

Figure 8. Linear number of channels supported, f-number, and resultant linear chip dimension versus focal
length, for 3w0=5,10,15,25,45 pn, for the first collimator case.
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Collimator case: z., =f

4- 10 C

to E
CLO 0 Z

/2.12 /2.12

2000 8000 2000 8000 2000 8000

Figure 9. Linear number of channels supported, f-number, and resultant linear chip dimension versus focal
length, for 3wo=100,125,150,175 prn, for the second collimator case

optomechanical tolerances in our example system. The diffractive microlenses are used, the Ptzval sum will be
changes induced by +/- 10% variations of wO, Dl,,, also zero, leaving only astigmatism to correct. The small
and Dk,,3 were less than 5% and are not plotted. The aperture and focal lengths of these lenses scale the
more indirect effect of changing the design clipping magnitude of the aberrations and help the situation, but
ratio can be seen in Fig. 11, where a clipping ratio of further modeling and experimentation will be necessary
1.52 is used. For both the k=2.12 and the k=-1.52 cases, to evaluate the actual severity of this issue. Additionally.
the variables which impact the energy coupling the most these misalignments will introduce lateral shifts in the
are the source-to-microlens spacing, zj, and the focal beam positions relative to the microlenses and the
length of the second microlens, f3. The change in detector. The current model only accounts for tis
clipping ratios represents only a 0.9% change in energy clipping at individual microlens planes. Finally, the
clipping at the microlenses, but it almost doubles the cumulative effects of several parameter variations
coupling sensitivity for these two variables. The should be modeled. The individual analysis done so far
sensitivity to variations in microlens focal length is highlights the critical parameters, but does not identify
disturbing, since the focal length variations of many any "balancing", or amplifying effects that may occur
refractive and holographic microlens arrays is typically when the parameters are varied together, as they would
5-10%. Diffractive microlenses provide better be in a real system.
uniformity. Fast diffractive lenses may be a source of In contrast to conventional optical systems, the "first-
polarization aberration when used with polarized beams. order" design of these system can be complex. In bulk

The tolerances at each element plane for an additional optical designs, the lens positioning generally must be
10% loss over the nominal case are summarized in Table constrained in x and y to sub-millimeter tolerance, in z
1. Assuming the source array is fixed, the two microlens to 10-10pi tolerance, and in tilt to arc minutes. For
arrays and the detector array must be aligned relative to these small microlens systems, the overall tolerances
the source array. The large diameters and low appear more constrained, but not unreasonably so.
divergence of the beams at the two microlens arrays
result in the relatively loose tolerances in those planes, Conclusions
while the small beam sizes at the detector array result in
tighter tolerances. We present a study of the design issues for microlens

A significant amount of tolerancing work remains to array free-space optical i systems. The
be done. This current model only accounts for energy effects of beam clipping have been studied and found to
losses due to clipping at the microlenses and detector in dramatically influence the design and tolerancing of
the absence of aberrations. While this my be an microbeam interconnection systems. An example
acrate representation for some applications, most system capable of supporting over 4,000 plMllel high

misalignments will also introduce aberration. For the speed chammis is described and toleruiced. System
symmetric system considered here, coma and distortion optical and mechanical tolerancing issues appear
should cancel. and spherical aberration may be reasonable. Areas for funher study include aberration
coectable by the use of aspherk microlenses. If accumulation, and cumulive alignment tolecncing.
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Toteroncoo: w4 Variation Tolerances: w4 Variation

1.2- 1.2-

0.8- 0.8-

0.9 1110.911.

Tolerances: z4 Variation Tolerances: z4 Variation

1.1- 1.13

L ~1.0-

0.9- 0.9-

0.9 1 1.1 0.9 1 1.1

Tolerances: Energy Coupling Variation Tolerancer. Energy Coupling Variation

1.0- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1.0 -

0.8.8-

0.68

0.91. 0.9 11.

FIgure 10. Optomechamical tolerances expressed as Figure IL Optomechical tolerances expressed as
a relative change fr-om the nominal cawe plotted against a relative change from the nominal cast plotted against
a +/- 10% change of system paRUamrs a +/- 10% change of system paaees
for a clipping ratio ofkb-2.1. for a clipping rato of k= 1.52.



. ..... ... T .. n. .. .. , . . ..

96 Photouic Swirduig

Table 1. blerances for additional 10% loss

Microlens Pline, Microlens 2 Plane ft
Beam diameter(99%) = 225pm. Beam diameter (99%) = l0pm.

Lenas diameter 313 Im Detector size - 10pm

Lateral displaccment(2):- loopm .... n .. Pm
Defocus:- "AM -mm~s 14tm
64x64 on 313prm centers
Rot. about optical axis:- 25 an minutes 5 are minutes 44m seconds
flts(2):- 16 ar minutes 4.9 degre 3.5 arc minute
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Abstract illustrate the considerations in system applica-
tions of the ultrafast sates.

We demonstrate a cascadable soliton drag- Soliton Dragging Logic Gates
ging NOR-gate with a switching energy of 5.8pJ, a
fan-out of six and a potential speed of 0.2 The all-fiber logic gate operates based on
TBiI/sec. This is one example of a novel time time shifts from soliton dragging in a clocked
domain chirp switch architecture in which digital digital system. In time shift keying a "1"
logic is based on time shift keying. We also show corresponds to a pulse that arrives within the
a hybrid switch consisting of a semiconductor clock window and a "0" either to no pulse or an
wave guide followed by a polarization maintaining improperly timed pulse. In soliton dragging two
fiber, and we describe the application of a handful temporally coincident, orthogonally polarized
of these ultrafast gates to a 100 Gb/s soliton ring pulses interact in the fiber through cross-phase
network. modulation [2] and shift each others velocities.

The velocity shift converts into a time shift after
propagating some distance in the fiber. For the
NOR-gate the fiber length is trimmed so that in
the absence of any signal the power supply or

The ommnlyaccptedwisom or ll- control pulse C arrives within the clock window

optical switches is that a r-phase shift must be correpos t arriv .wihn the or bot

achieved through the interaction between twoa "". When either or both
pulseshilessho th antbrption lenthn Hw- signals are incident, they interact with the control
pulses in less than an absorption length. How- pulse through soliton dragging and pull C out of
ever, by changing to a time domain chirp switch the clock time window.
architecture (TDCS) that is based on time shift
keyed logic, we show that less than a ir/20 phase The insert in Fig. I shows a schematic of
shift is required from the nonlinear interaction, the NOR-gate that consists of two birefringent
which leads to switching energies approaching one fibers connected through a polarizing beam

picojoule. We first describe a 5.8pJ switching splitter with the output filtered by a polarizer.
energy, all-optical NOR-gate that is based on soli- The control pulse C, which provides gain and
ton dragging in fibers (1]. This three-terminal, logic level restoration, propagates along one prin-

cascadable gate satisfies all requirements for a cipal axis in both fibers and corresponds to A
clocked digital optical processor. We then eluci- NOR B at the output. The two signal pulses A
date the TDCS architecture and prove the and B are polarized orthogonal to C and are

mechanisms by demonstrating a hybrid version blocked by the polarizer at the output. The sig-

consisting of a semiconductor waveguide followed nals are timed so that A and C coincide at the

by a polarization maintaining fiber. Finally, we input to the first fiber and B and C coincide (in

design a 100 Gb/s soliton ring network to the absence of A) at the input to the second fiber.

96
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Figure I shows the experimental apparatus pulse must resemble the input. Adding the signal
for testing a single NOR-gate. We obtain r- pulse creates a time varying index change that
500fsec pulses near 1.685pm from a passively chirps the control pulse and shifts its center fre-
mode locked NaCI color center laser in which a quency [2]. Then, as the control pulse propagates
2mm thick quartz birefringent plate limits the through the soliton dispersive delay line, the fre-
bandwidth and, thus, intentionally broadens the quency shift is translated into a time change.
pulses [3]. The input stage separates the control Since a fundamental soliton acts as a particle,
C, signals A and B, and clock beams, and stepper even a slight shift in the center frequency can
motor delay stages are used to time properly sig- cause the complete soliton to shift in time, which
nal B and the clock. The two fibers are 75m and results in good contrast within the clock window.
350m long, have a polarization dispersion of about Furthermore, since the chirps from group velocity
80psec/km, and exhibit a polarization extinction dispersion and nonlinearity are balanced for a sol-
ratio better than 14:1. The control pulse output iton, cascadability can be satisfied by using soli-
and the clock are directed to a correlator to meas- tons.
ure the time shifts. The key feature of TDCS is that for high-bit

The correlation of the clock with the NOR- rate, short pulse applications the TDCS requires
gate output is illustrated in Fig. 2. The dotted less nonlinear interaction and, consequently, less
box corresponds to the clock window, and we see switching energy than other all-optical switches.
that C arrives within this window when no signal For example, a Mach-Zehnder interferometer
is present. When A=1 or B= , C shifts between requires a ir-phase shift from the interaction,
2 to 3 psec out of the clock window; the shift whereas by using solitons in a TDCS we find that
from A is larger since C can time shift in both the nonlinear interaction in our demonstrated
fibers. When A=B=I, C shifts by about 4psec. switch is less than ir//20 [4]. Because solitons
In this example the signal energies are 5.8pJ each shift as a unit, solitons permit the effect in the
and the fanout or gain (control out / signal in) is nonlinear chirper to be accumulated through the
six. The control pulse energy in the first fiber is entire length of the dispersive delay line. The
5 4 pJ and is reduced to 35pJ in the second fiber trade-off is that TDCS have a long latency, which
because of coupling losses, restricts their usage to feed-forward applications.

As a proof of principle, we demonstrated a solitonTo prove the cascadability and fan-out of dragging logic gate with a switching energy of

the logic gate, we implemented an all-optical mul-

tivibrator or ring oscillator by connecting the 1 pJ and a fan-out of 28. In this experiment the
NOR-gratr as ainveoscirater ce cting the nonlinear chirper was 30m of moderately
NOR-gate as an inverter and feeding the output birefringent fiber (An- 10 - ) and the dispersive
back to the input (A --- 0, B previous output delay line was 2kmn of polarization maintaining

from gate). We placed a 50:50 beam splitter at fiber [5w.
the output and sent half of the output through a

delay line to the B input. The correlator was set To confirm the mechanisms in the TDCS
to the center of the clock time window. As Fig. 3 architecture, we implemented a hybrid TDCS in
shows, with the feedback blocked the output is a which the nonlinear chirper is a 2.1 mm AIGa--Xs
string of l's. When the feedback is added, the waveguide and the dispersive delay line is a 600m
output becomes an alternating train of l's and O's polarization maintaining soliton fiber. We use
whose period is twice the fiber latency (1.75 psec), the instantaneous nonlinear index change in

AIGaAs near 1.7jpm, which is in a wavelength
Time Domain Chirp Switch Architecture range .below the two photon absorption edge. In

Soliton dragging logic gates are one example this wavelength range we find that

of the more general TDCS architecture that is n2 - 3X 10-1 4cm 2 / W and that the material is
to materials other than fibers. As isotropic (e.g. cross-phase modulation is two-applicable tomtrasohrta ies s thirds of self-phase modulation). We obtain a ir-

shown in Fig. 4, the TDCS consists of a nonlinear phi f f self-phase modulation W it less

chirper followed by a soliton dispersive delay line than a 10 absorption, and we find that the non-

and has two orthogonally polarized inputs. In the linear absorption originates primarily from three

absence of a signal pulse, the control pulse pro- photon absorption. Furthermore, time resolved

pagates through both sections and arrives at the pump-probe measurements confirm that the non-

output within the clock window. For a cascad- lin ea sntan s on th f te scal

able switch the self-induced chirps on the control of the pulses.

in both sections must balance, and the output
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The hybrid TDCS and the corresponding shown in Fig. 7. In the first gate of the code-
time shift keyed data are shown in Fig. 5. In prel- matching logic module the header is inverted and
iminary experiments the signal energy in the logic level and timing restoration is performed.
waveguide is ll. 3 pJ and the control energy is An empty packet is assigned an all one header to
96.5 pJ. Because of mode mismatch and poor cou- maintain clock synchronization. One AND-gate
pling into the fiber, the control energy exiting the detects if the packet is empty, while the XOR-
fiber is 30.2 pJ, which means that the device fan- gate and the other AND-gate detect if the packet
out or gain is 2.7. These semiconductor results should be read. If READ is true, then the optical
represent the first step toward a compact, all- exchange/bypass network routes the incoming
semiconductor TDCS. packet to the bit-rate down converter and

switches an empty packet on-line. If the EMPTY
Potential Applications of Ultrafast Gates and QUEUE bits are both on, the empty packet is

Ultrafast gates may enhance the capabilities replaced with the new packet. Only one input to

of telecommunication networks whenever it is the each routing switch is used to avoid cross-talk.

bandwidth of the switch that limits the system Further details on the various modules as well as

performance. Four application arenas include: failure safeguards and the scavenger network

nodes in ring networks, demultiplexers at the end node are described in Ref. [6].

of transmission fibers, header reading in self- By using bit-rate switches and guaranteeing
routing packet switching and time slot inter- bit-level synchronization, we can implement a
changers. To illustrate the architectural con- "logic tuner" rather than a physical tuner (as in
siderations in using ultrafast gates, we have wavelength division multiplexing (WDM)). For
designed a self-routing packet, 100 Gb/sec, soliton example, the frequency filter in a WDM system is
ring network serving a few hundred user nodes replaced by the local node address, and we
[6]. The slotted ring is a "light-pipe" in which the transmit to different users by different codings of
data remains in optical format throughout the the header. in Lhis time division multiplexed
network and converts to electronics only at the (TDM) system each node shares the same physical
host and destination nodes. In this strawman representation, which makes tasks such as broad-
example we select a trivial protocol: cast simpler. Also, for the TDM case the

hardware in each node can be identical and the
[1] if ForM then remove packet and replace architecture is easily adapted to a packet switch-

with empty packet; or, ing environment. From this study we find several

[2] if Empty and packet queued in buffer, then issues that arise when trying to implement the
replace empty with new packet. soliton ring network:

The design focuses on the network access [1] in the 100Gb/s rigime, the logic gates
nodes (Fig. 6), where the ultrafast gates are used must have a switching energy at or below
to decode the header. The code matching logic I pJ in order to maintain the optical power
module operates at the bit-rate to check if the requirements at reasonable levels;
header matches the local address or corresponds (21 even for a system with just a few ultrafast
to an empty packet, and the module outputs are gates, the logic gates must be cascadable,
electronic signals that control a network of rout- restoring both timing and amplitude, for a
ing switches. The delay in the upper arm compen- restiglbottin
sates for the latency in the logic module. The robust implementation;
exchange/bypass network routes the incoming [3] .optical amplifiers with high saturation
packet or a new packet, operates at the packet power, in the range of 0.3W, are needed
rate, and can be reconfigured in the time guard for ultrafast, all-optical transport systems;
band between packets. When the packet reaches and
its destination, it is bit-rate down-converted to
speeds accessible by electronic shift registers. An [4] clock extraction and packet injection syn-
optical phase-lock loop is used to synchronize the issues for an ultrafast network.
local clock to the ring data, and erbium-doped
fiber amplifiers are used to compensate for the In summary, we have presented a TDCS
insertion and splitter losses, that performs logic using time shift keying in a

of the code-matching logic clocked digital optical processor. Soliton dragging
Block diagramsnd the ode-a twork are is one example of - TDCS architecture

modules and the exchange/bypass network are
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Fig. 4. General architecture for an all-optical time domain chirp switch (TDCS).
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Fig. 5. Hybrid TDCS in which the nonlinear chirper corresponds to a 2.1 mnni long AIGaAs waveguide.
The cross-correlation of the clock with the control pulse is also shown for a signal energy of 11.3pJ and a
fan-out of 2.7.
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implemented in fiber form that has yielded the [21 M.N. Islam, L.F. Mollenauer, R.H. Stolen,
lowest switching energy of any all-optical gate J.R. Simpson, and H.T. Shang, "Cross-
because of the separation between the nonlinear phase modulation in optical fibers," Opt.
interaction and the soliton dispersive delay line. Lett. 12 , 625-627 (1987).
A hybrid TDCS that uses an AlGaAs waveguide
proves the mechanisms in the TDCS architecture [31 M.N. Islam, E.R. Sunderman, C.E. Soccol-
and represents the first step toward a compact, and B.I. Miller, "Color center lasers pas-
all-semiconductor TDCS. Finally, we presented sively mode locked by quantum wells,"
the design of a 100Gb/s soliton ring network to IEEE J. Quantum Electron. 25 , 2454-2463
illustrate the opportunities and complexities that (1989).
ultrafast gates create.

* S.-T. Ho and R.E. Slusher are with AT&T (41 M.N. Islam, C.J. Chen and C.E. Soccolich,J."All-Optical Time-Domain Chirp
Bell Laboratories in Murray Hill, N.J. and" Switches," (to be published in April, 1991

Sauer is with the University of Colorado at isue o t Le in).

Boulder. issue of Opt. Lett.).

[51 M.N. Islam, C.E. Soccolich, C.J. Chen,
K.S. Kim, J.R. Simpson and U.C. Paek,

References "All-optical inverter with one picojoule
switching energy," Electron. Lett. 27 , 130
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Miller, "Low-energy ultrafast fiber soliton 161 J.R. Sauer, M.N. Islam, and S.P. Dijaili, "A
logic gates," Opt. Lett. 15 , 909-911 Soliton Ring Network," (submitted to J.
(1990). Lightwave Tech.).
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Abstract GEO-modules can lead to minimal component imple-

We design an all-optical time slot interchanger using mentation of many important functions because the

Generalized Exclusive-Or modules, which are boole GEO-module logic is closely tied to the physics of the

and connectivity complete logical abstractions of soli- fiber gates.
ton dragging logic gates. Time difference techniques We present a catalogue of applications for com-
aoe udgn oic eme eedferenc timechlntes- binatorial GEO-modules such as buffers, NOR-gates,
are used to implement a feed-forward time-slot inter- and routing switches. Also, we demonstrate the utility
changer that does not require memory or feedback, of using the GEO-module as a design tool by designing

several versions of feed-forward time slot
Introduction interchangers (TSI). By utilizing a feed-forwwd archi-
Recently ultralast, cascadable, all-optical soliton logic tecture, the inherent operating speed limitation imposed

gates with gain that satisfy all requirements for digital by the latency in a typical TSI using feedback or

optical processors have been demonstrated in optical memory i eliminated.

fibers (1,21. The logic is based on time shift keying in (a) Fbr Module
which a "I" corresponds to a pulse that arrives within
the clock window and a "0" to either no pulse or an b
improperly timed pulse. In a NOR gate using a 425 m b Pas

length of fiber, switching energies as low as 5.8 pico-Ajoules have been obtained. Although the latency (or a"S--!
transit time in the gate) is -2ptsec, the processing speed

for a pipelined input can be up to 0.2THz. Efficient PB
utilization of these high-speed, long latency gates
requires architectures based on serial processing in the
time domain that can exploit the bandwidth and "hide"
the latency [3]. (b) Generazed Exclusive-OR (GEO) Module

A Generalized Exclusive-OR (GEO) module is a
boolean and connectivity complete logical representa- a-a .
tion of the aforementioned soliton dragging logic gate. GEO

For designing systems and architectures we use GEO-
modules as a design tool to abstract from the physical V b

implementation of the soliton logic gates. One key
advantage of this approach is that the system architec- Figure 1. (a) Basic building block for a soliton dragging
ture is independent of the device hardware, allowing logic gate, (b) A generalized exclusive-OR (GEO)
devices to be upgraded provided their functionality module.
remains the same. In addition, all-optical designs using
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Generalized Exclusive-Or Modules corresponding to the CLK. For example the NOR-gate

The fundamental building block in soliton dragging in Fig. 2c has a CLK or "1" input and the output is
Thi gnaentsa biling fboekri stonedrbyging along the same axis; in fact the gate has been experi-logic gates is a birefringent fiber surrounded by two mnal eosrtdt aeagi fsx i h

polarizing beam splitters (PBS), as shown in Fig. la. In mentally demonstrated tc have a gain of six. On the
solion ragingtwo rthgonllypolaize puses other hand, if the gate is used as an AND-gate there is

soliton dragging two orthogonally polarized pulses no gain since the output is only signal B. A complete

interact through cross-phase modulation and impart a

frequency chirp upon one another. This phase shift system can be built using gates without gain, but then

translates to a time shift after propagating in a (lisper- clock-ANDers must be installed periodically in the sys-

sive delay line causing a pulse to arrive outside the ter to restore the logic level and timing.

predetermined clock window. For the discussion here,
the details of the switch hardware or implementation (a) Inverter
are not as important as the functionality which the soli-
ton dragging gate represents. More generally, we can
replace the fiber module by a four-port GEO-module, A S f ]O
(Fig. lb), with inputs a and b and outputs a' and b',
where a" = a'b and b' =Z.b. In other words, the input
along one axis propagates to the oupit along the same
axis unless blocked by the other input. (b) Broadcast or Buffer

A single GEO-module can implement an inverter
as shown in Fig. 2a. An inverter consists of a
clock (CLK) or power supply "1" input along one axis
and a signal input along the other. The output along the AAA
CLK axis will be the complement of the signal. Since
the two outputs of the GEO-module are orthogonally A
polarized, both outputs can be combined using a polari-
zation combiner to implement an XOR gate. (c) NOR-gate and AND-gate

Two GEO-modules can be interconnected to pro-
vide high functionality. By using each GEO-module as A 
an inverter, we have implemented a broadcast switch to A 8
generate multiple copies of the input (provided the A.B
power supply is larger than the signal) as shown in
Fig. 2b. Since the signal is replaced by a new CLK
pulse, this configuration can also serve as a pulse regen-
erator or a clock-ANDer to restore the logic level and (d) Routing Switch
signal timing. The NOR-gate described in ref. [1] is
shown in Fig. 2c. Along the CLK axis we find A NOR A •
B and along the orthogonal axis we find A AND B. A G G __
Note that A and B act in series allowing the same idea O A • C
to be extended to an N-input NOR gate. Since a NOR-
gate is boolean complete, GEO-modules must also be
boolean complete. For the same hardware used in the
NOR gate we can also implement a routing Figure 2. Combinatorial GEO-Module Configurations:
switch (Fig. 2d). Note that this is a logic switch (the (a) inverter, (b) broadcast or buffer switches, (c) NOR
logic value of A is routed) rather than a physical switch and AND-gates, and (d) routing switches.
(i.e. in a physical switch the photons corresponding to
signal A would be routed). By interconnecting two A-Optical Time Slot Interchanger
such routing switches with two 3 dB couplers we can
implement a directional coupler- since a directional As we use time multiplexing to achieve parallelism in
coupler is comectivity complete, a GEO-module must time, a programmable TSI that can rearrange the order-

also be connectivity complete. ing of two data units A and B traveling in series is
Because the GEO-module is a passive element, necessary to provide communication between time mul-

obtaining gain requires a clock (CLK) input, or power tiplexed processes. DependirIg on the value of a control
supply "1", with amplitude greater than the signal input, signal, the ordering of two serially transmitted packets,
In addition, the output of interest must be along the axis A and B, will either remain intact (BAR state) or they
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will interchange time slots (CROSS state). One method
for changing time slot sequencing is to store the data in 16F ,I
random access memory and then read it out in the X B A X
desired order. Since present memory access times are [
much slower than the GEO-Module switching times
this method would limit the overall operating speed of C1

any such device. Another design which incorporates a
feedback loop to reorder time slots requires that the GEO

time slots to be operated on must be separated by more . iF-
than a gate latency [4]. The restriction that A and B C

must be separated by more than a gate latency is prohi-
bitive for ultrafast processing when gates with large C U 0 STATE
latency are used.

However, by using a feed-forward architecture
which eliminates the need for a discrete optical memory Figure 4. Minimal compoent design of feed-forwvd
or feedback we design a TSI which can reorder adjacent
time slots and is not limited by the latency of the gate.
The principle behind the feed-forward designs is to use mo and one c cotr 2)daeden rqirngan input stage to generate copies of the time multi- two GEO modules each with independent control and,
plexed input sequence. The copies are then time 3) a design which requires three GEO modules eachplexd iputsequnce Th coies e ten ime with independent control
delayed and recombined to generate two signals: one Th inp t trol
with the original ordering, the other with ordering inter- The input time multiplexed sequence consists of
changed. Each signal is then individually processed by time slots temporally spaced by 8 units. In the first
a control circuit after which the signals are combined design, three copies of the input are made and two are
through a wired-OR at the output. Dependent upon the passively time delayed by 8, and 28 units, respectively.
control signal the input will arrive at the output in either The undelayed and 28 delayed copy are then combined
the BAR or CROSS state. We present three designs for using a wired-OR gate as shown in Fig. 3a. This inter-
the feed-forward TSI: 1) a design that requires 3 GEO changes the order of the time slots A and B on signal

S 1. Note that the wired-OR gates can be used to com-
(a) I," S0 bine the signals provided we guarantee that two ones do

-481. not arrive simultaneously and interfere at the wire-OR:
X s Ax 58 A this requires that two time slots be left blank on either

ROSS side of the time slot pair being operated upon. A three
8SA_ I AX GEO-module selection switch picks one of two bit

sam streams (Fig. 3b), as determined by the control signal
8CONTROL which is coded to look only at the bits of
8ft ofinterest. Because of the various wired-OR's an

amplifier is required at the output to restore signal lev-

(b SeWko Sw els for cascadability. Also, an amplifier will probably
be required at the input to compensate for splitting
losses.

OR The next design is a minimal component feed-
forward TSI. As a consequence of reducing the number

CONTRof GE-Modules firm three to two an increase in com-
plexity of the control signals is required. This design
has an identical input stage as the previous design

Nwhich provides signals S, and S2. Each signal is fed
2 into a separate GEO-Module with independent control

sequences coded to look at the time slots of interest as
CROS STATE CONTROL- 0110 shown in Fig. 4. As before a wired-OR is used to com-
BAR STATE COMROL- 0000 bine the signals providing a single output. The draw-

beck with both this design and the previous design is
that the two blank time slot restriction reduces system

Figure 3. Feed-forward time slot interchanger; a) Input throughput for pipelined operations by fifty percenL In
stage, b) Selection switch. addition, simplicity of system design scales very poorly
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with increasing numbers of time slots to be inter- Table 1. Control Sequence for non-restrictive TSI.
changed.

By including one extra GEO-Module with an -
independent control to the previous design we can C. C C I

design a completely feed-forward TSI without any C C CJ CJ ck
blank bit restrictions. As with both previous designs
the input time multiplexed sequence must be copied in C3  !P C I-
triplicate and two copies delayed by 8 and 28 units.

Table 2. State table for CROSS and BAR output of
Goo non-restrictive TSI design.

Bw State: C=O Clanos Stame: C-1

GEOS x x B A S, x x B A

C, I I I C C 1' 0 1

-O V" 0 0 0 Sx' t 0 B 0

S2 x B A x S2  x B A x

C - C2 I C' 0 0 C" C2  C 1 1 CA

c2. CC CROSS2STATE C $ t B A t S2" $ 0 0 4
S3  B A x x S3  B A x x

C 1 i 1 C, i o 1

Figure 5. Feed-forward TSI without blank time slot .. 1 - - - 1 - 1

restriction. S," 0 0 0 3 $," 0 A 0 $

Ouqtpt S B A t Outw A B t
respectively. However, unlike the previous designs
wired-OR gates are not used to recombine the delayed t-mideenined output

signals to interchange time slots. Instead, each signal is
passed to a separate GEO-Module with independent
control which is appropriately coded to look at its indi-
vidual time slot pair of interest. Because there are no
blank time slot restrictions the control sequence must
operate at the same bit rate as the input time multi-
plexed signal in order to operate on adjacent time slot References
pairs. Table I shows the individual control sequence
codes for the j' time slot pair, (corresponding to time 1. M.N. Islam, C.E. Soccolich and D.A.B. Miller, "
slots A and B). A state table for the CROSS and BAR Low energy ultrafast fiber soliton logic gates, "
states is shown in Table 2. The undetermined out- Opt. Lett. 1S , 909 (1990). M.N. Islam, " All-
puts (t) will not interfere with the operation of the TSI optical cascadable NOR gate with gain," Opt. Let.
since they occur outside the time window of interest. 1, 417 (1990).

2. M.N. Islam, "Utrafast all-optical logic gates based
on soliton trapping in fibers," Opt. Lett. 14,1257

Summary (1989).
OEO-modules are a logical representation of ultrafast, 3. H. F. Jordan, "Pipelined Digital Optical Comput-
all-optical soliton logic gates that can be used for design ing," Proc. 3rd Annual Parallel Processing Symp.,
purposes. In addition to being boolean and connectivity Larry Canter, Ed., Cal. State Univ., Fullerton
complete, GEO-modules maximally exploit the device (March 1989).
physics and, therefore, lead to minimal component 4. S.V. Ramanan, H.F. Jordan, and J.R. Sauer, "A
implementation of all-optical functionalities. We have New Time Domain, Multistage Permutation Algo-
demonstrated a time slot interchangerdesign which util- rithm", IEEE Trans. on Info. Theory, 36, 171,
izes feed-forward techniques to eliminate the need for Jan 1990.
feedback or memory, thereby masking the latency.
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Demonstration of a Novel Optical Code Division Nm
Multiplex System at 800 Mchips/s

N. Vethanayaam and R. L MacDmald

Alberta Telecommunications Research Cemre 4245 97th &reet
Edmonton, Alberta TISY7, Canada

Aa codes be orthogonal, that is, the cross- corre-
lation obtained between a signal sent using one

A novel code division multiple access system code and a receiver set to a different code, be
using Alberta codes and complementary corre- zero. Non- orthogonal codes produce noise
lation is demonstrated at 80OMchips/s. Corn- contributions from every signal present.
pletely passive optical multiplexing and demul- Intensity modulation optical signals
tiplexing is performed throughout. Complemen- have only positive values. Crosscorrelations
tary correlation allows code orthogonality be- between nonzero, positive- only signals cannot
cause bipolar electrical signals are generated equal zero. Codes for optical code division
from unipolar optical ones. The correlator is systems therefore attempt to minimise the
implemented optoelectronically with an array of crosscorrelation noise, holding each crosscorre-
metal- semiconductor- metal photodiodes. We lation below some limit (1,2].
show that the bit error rate performance of the Another approach to optical code divi-
system is not degraded by the presence of sion multiplex is the technique of complemen-
multiple channels, and that zero cross talk is tary correlation (3]. It has been proposed that
nominally achieved. An unusual property of the complementary correlation operation can be
such systems is confirmed: that the bit error implemented directly in a photodetector and
rate on a channel can be reduced by the pre- that with correctly chosen codes (A-codes), the
sence of an interfering channel if the two crosstalk between channels can be made zero
transmitters are not chip synchronous. [4]. For full orthogonality the address code

bits and the signal bits must be synchronously
combined at the transmitter. There is no requi-

Intrction rement for synchronising the receivers.
We report here the experimental de-

In code division multiplex transmission a unique monstration of a complementary correlation
coded sequence of pulses is sent to represent a receiver that can select among five code- divi-
bit on each multiplexed channel. By correlating sion channels, each operating at SOMb/s, car-
the received signal with the appropriate bit ried at a multiplexed line rate of 800 Mb/s.
pattern, a particular channel can be extracted The high apeed. of the system is a direct result
from the multiplexed signal. Efficient code of performing the correlations in the photode-
division operation requires that the channel tectors rather than in subsequent logic.

109
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E Correltioa 3 Xko the subtraction, A(t) is a bipolar signal even if
S(t), the incoming multiplexed signal. is not.

The complementary correlation receiver Letting
is shown in Fig. 1. It consists of sixteen GaAs
metal- semiconductor- metal photodiodes con- N
figured to have one common contact. The mul- R(t)= I S(t+nT)T(nT) and
tiplexed optical signal is delivered to these n=O
photodiodes through a power splitter and a set
of delay lines of lengths that differ by one N
chip interval. Complementary correlation is the W(t)fW= IS(t+nT)U(nT)

process of correlating a signal with a "target" n=0
pattern, and simultaneously with the comple- (W = the weight of the channel code)
ment of that pattern, and subtracting the two. it follows that
The operation can be expressed as

A(t) = 2R(t)-W.
N

A(0=5' S((t+nT)(T(nT)-[U(nT)-T(nT)]} This signifies that the output of the
n=0 complementary correlator is twice the correla-

tion of signal with target, minus the Hamming
where U(nT) is the unit step function, T is the weight of the codes (which are assumed all to
bit interval, N is the length of the correlation have the same weight). A-codes are defined [4]
sequence, and T(nT) is the "target" code for to have crosscorrelations which are equal to
which the receiver is correlating. Because of half the Hamming weight at the decision time

t=O, when the channel code and target ate time
aligned. At other times the only constraint is

Ithat the crosscorrelation is less than the

- 15 weight. With these codes the crosscorrelation

14 signals are zero at t=O, and negative otherwise

13 while the autocorrelation signal is positive (and

_0 12 equals W(t)) for all the codes. The target
channel is isolated from this signal simply by

It removing negative values.
Input do--" o The optoelectronic complementary cor-

*- 9 relation is achieved by biassing positive the
Optical 40- photodetectors corresponding to ones in the

7plitter channel code, and biassing negative Lhe others
* 6 (i.e. the complement of the code). The photo-
s currents from the two groups subtract in the

load.
M4ld The A- codes used in the experiment

3are 8 bits long, and support five orthogonal
Detector 2 channels. (The code sets were determined by

Bias -searching. Sets supporting up to seven channels
4P- negative '' have so far been found.) The receiver is sup-

- positive - plied with sixteen photodetectors. Four nega-
Figure 1. Configuration of the complementary tively- biassed detectors at each end of the
correlator for a code of length 8. The address code word are needed to ensure that the ortho-
of the receiver is set by the polarity of the gonality conditions are met. The transmitted
bias voltage applied to each of the 16 photode- codes are separated by four blank bits for the
tectors.
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same reason. The data rate of the multiplexed code for either of the two channels. The direct

signal is therefore sixteen times the data rate output of the correlator is shown in Fig 3.
of a single channel. For comparison, prime The bit error rate for one of the chan-

codes require 25 bits to multiplex five channels. nels. measured after regeneration of the NRZ

signal from the clipped waveform, is shown in
xpodmant Qtrjoln Fig.4 as a function of average received optical

power per detector. The error rate for the
The experiment performed is shown in channel alone, and in the presence of the signal

Fig.2. Two of the five A-codes were formed from the other channel are shown. There is no

from a single electronic pulse by means of evidence that the presence of the second chan-
coaxial delay lines. The pulse rate was SOMHz, nel worsens the bit error rate, and we conclude

corresponding to the data rate on a single that the codes are effectively orthogonal as
channel, the pulse width was less than 500 ps, intended. There is no error floor down to an

permitting 16 pulses to be interleaved. The error rate of 10- 7 at a received power of
coded pulse streams for each channel modu- -16dBm per detector (-4dBm per receiver). This

lated a laser diode operating at 850nm, and was the measurement limit in the experiment,

the optical power was combined in a fibre set by difficulties in synchronising the corre-

power splitter. As each code has weight four, lated signal to the error rate test set in the
only four coaxial delay lines were required in presence of the correlation delay. (Clock reco-

each transmitter, very was not attempted in this experiment.)

After transmission over a short length Since the responsivity of the particular

of graded index optical fibre the multiplexed msm detectors used was about a factor of 3
signal was decoded in a complementary correla- lower than reported values, we conclude that
tion receiver. The biases on the detectors could the system could reach a bit error rate of 10- 7

be set for complementary correlation with the at a received power of -21dBm per detector

MODUATO DPASl~DIVE R

MODULATOR DELAY-LItNEDRVReo

DATA CLC PUERNCODER level

W-- of the complementary correlator detector. B)'

lguree 2. Block diagram of the experiment to setting the "zero" level as shown the positive
Sdemonstrate two channels of a five channel going correlation peaks are separated from the

CDMA system using complementary correlation, rest of the waveform.mmmmu MJLT 1EXEDmmmmmrlll |m
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(-9dBm per receiver) with msm photodiodes, This is because the interfering channels actually

and is very likely capable of rates to 10-'9  force the overall correlated signal in the nega-

usually required. Other detectors, for example tive direction, better isolating the positive-
avalanche photodiodes, could of course be used going pulses of the correlated signal.

In a similar photocurrent- summing configura- Since complementary correlation is

tion to obtain greater sensitivity, performed within the photodetector array the

A peculiarity of the system is the slight need for wideband electronics in the receiver is

improvement of the error rate when the second minimised to two analogue operations - the
transmitter is running, visible in Fig.4. This correlated signal needs to be amplified and

enhancement was consistently observed on both clipped. The correlation receiver does not re-
channels. An analysis of asynchronous cdma quire to be synchronised to the multiplexed
using A- codes and complementary detection signal, and clock recovery can be done at the

indicates that the bit error rate of the corre- channel, rather than the line rate. The tran-

lated channel can be improved by the presence smission speed in the experiment was limited
of slightly asynchronous interfering channels, by the switching speed of the laser. Very fast

10 - pulses can, however, be obtained, and A- codes
could be formed from them by passive fibre

delay- line networks. With such a system we
1anticipate that very high cdma rates could be

obtained.
10-4

= -- -The contributions of J.Noad and colleagues at

0 - the Communications Research Centre to the

_ construction of the complementary correlation
W - detector are gratefully acknowledged.

10 -

104  1. J.A.Salehi, C.A.Brackett, Proc IEEE Int Conf.
-19 -18 -1'7 -16 -15 on Comm., New York, 1601, (1987)

Average Received Optical Power (dBm)
2. P.R.Prucnal, M.A.Santoro, Ting Rul Fan, IEEE

Figure 4. Bit error rate (BER) as a function of J.Lightwave Technol, LT-4, 547, (1986)
average received power per chip at the comple-
mentary correlation detector. (a) No intefering 3. P.Healey, Electron. Lett. 17. 970, (1981)
transmitters in the system, (b) one interfering
transmitter in the system. 4. R.l.MacDonald, Opt. Lett., 13, 539, (1988)



i
AD-P007 390 92-17445

Photonic Packet Switch BaUed on a VSTEP
Two-Diensional Array

S. Suzuki

C&C System Research La tofwrk, Crporaon, 4-1-1 Miyazaki
Mbaasae-k, Kawizab 216, Japan

K Kmsaham

Opto-Fkctronics Research Laboratories, NEC Corporion,
4-1-1 Miyazak4 Mbumae-k1, Kawaki 216, Japan

Abuffer packet switches. Crosspoint and
output buffer packet switches have

Photonio ATM switches, using two- advantage in switch control ease.
dimensional arrays as bufter memories However, they require relatively large
and routing fabrics are discussed, amount of buffer memories. The shared
Possible switch performance Is buffer packet switch requires the
estimated based on a vertical-to- smallest amount of buffer memories.
surface transmission eleotro-photonic However, switch control is so
devloes(VSTEP). complicated to be accomplished by

current optical functional devices.
The input buffer packet switch

1. Introduction requires relatively small amount of
buffer memories and switch control is

High-speed packet switches, which easier than the shared buffer switch.
can handle wide-bitrate-range data Thus, the input buffer photonic packet
streams in an integrated manner, are switch Is suitable for the near future
expected to play an important role in implementation. Figure 1 shows a
future broadband networks. block-diagram of the most simple input
Introduction of photonio technology to buffer photonio packet switch, which
very high-speed packet switches has consists of optical buffer memories
been proposed[I]-[6]. Among these and an N x N routing fabric with
high-speed packet switches using priority control. The input line
photonic technology, the packet utilization for the input buffer
switch, using VSTEPts (Vertical to switch is usually limited to 50-60% by
surface transmission electro-photonic packet contention. Thus, very high
devioes)[7][8] as optical buffer link speed ,as high as 10 0bps, is
memories, is expected to achieve high desirable for this photonic packet
switch performance in small size[5]. switch to have advantage over
The VSTBP two-dimensional (2D) array electronic packet switches.
can be used not only as memories but
also header-driven routing fabrics(9].
This paper discusses a photonio packet 2.1.Buffer memorX
switch using VSTEP 2D array as buffer
memories and a header-driven routing The buffer memory sends out packet
fabric with priority control. cells to the N x N routing fabric in

first-in, first-out manner. Massively
parallel interconnection capability of

2.PhotOma hanker switch structure the VSTEP 2D array, based on free-
space light beam propagation, is very

There are four category of high- effective In achieving high buffer
spued packet switches, namely, memory throughput. Figure 2 shows a
arosapoint, input, output and shared structure of a buffer memory using
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Optical buffer
memory

Optical input routing Optical output-- [= - fabric pake-iga

packet signal with packet signal
priority

-- E , -L control ---I

Fig. 1 Input buffer photonic packet switch

VSTEP. An input packet signal, with though packet cell speed is 10 0bps in
cell length p, is led to an optical case that p=424 ( the cell length is
shift register, which consists of 53 byte.). In a read period, stored
VSTEP 1D array opto-electronie optical signals are send back to the
interface circuits and an electronic shift register and converted to a
shift register, and converted to a p- serial-bit configuration output packet
bit parallel configuration. Optical cell. VSTEP switching energy is
signals from the shift register are expected to be reduced less than 10 fJ
distributed to a (d-column) x (p-row) for a several-tens Mbps optical
VSTEP 2D memory array. One column of signal. This switching energy is
the VSTBP 2D memory array store possible on condition that p=424, d=30
parallel configuration optical signals to -ftisfy cell loss rate less than
in a write period. Write optical 10 for 50-% input link utilization,
signal speed is reduced to (packet 0.1-mW optical shift register output
cell speed) x 2/p due to the parallel power and 6-dB free-space
operation. Therefore write optical interconnection loss.
signal speed is only 47 Mbps, even

Optical ahift register

loput Output
sissal sisal

Fig. 2 Buffer memory
using VSTEP

ISEP 23 array semor
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2.2.2outing fabric with during time slot T1, T2 and T3,
priority control respectively. After that, bias signals

are kept to Vl during cell
The VSTEP 2D array can also be used transmission time. The optical packet

as the N X N header-driven routing signal has header bit at time slot T1,
fabric with matrix-vector multiplier T2 or T3, When the optical header bit
structure as shown in Fig. 3. The synchronizes with the time slot that
optical packet signal from the buffer the bias signal is Vh, the VSTEP is
memory is distributed to one column of turned to the ON state[9]. When the
the (N-column) x (N-row) VSTEP array. optical header bit does not
The output optical signal from each synchronize with the bias signal, the
row of VSTEP's is combined to an VSTEP remain in the OFF state. During
optical output signal. For each row of the OFF state, the data bits of the
the VSTEP array, a bias signal VJA-V3 optical packet signal is not
is applied through a resistance, transmitted, because it is absorbed in
Figure 4' shows the timing chart for the VSTEP. The ON state VSTEP

this routing fabric. The VSTEP bias functions as an optical amplifier,
voltage Vi, V2 and V3 are raised to Vh which transmits optical data bits

YSTEP 2D array Packet

02B Sign&'

A' 1  03B

Packet B 12 1/ V1signal C 13 V2 Bias signal
V3

Resistance

Fig. 3 Routing fabric with priority control

VSTEP bias
signal TI T2 T3

V1 V-

Yh -

V2 VI-
Vh -

V3 Vi

Optical packet
signal

Ph jI I I I

C P I _ _.j---l  I -- -- I I I I

- -

Header Data

Fig. 4 Timing chart
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during Vl bias signal has been A.Canusion

applied. In this way, optical packet A

and B, in Fig. 4, can be self-routed The pbotonic packet switch, using
to the specific output port 01 and 02 the VSTHP 2D arrays in the buffer
in Fig. 3, respectively. The ON state memory and routing fabric, is
VSTEP can cope with the 10-Gbps data proposed. The massively parallel
bits in its optical amplifier interconnected buffer memory structure
operation. using VSTEP's is effective to obtain

Priority control can also be very high cell speed, as high as 10

achieved using same structure, Gbps. The proposed header-driven
preventing optical packet signals from routing fabric using the VSTEP 2D

collision at the output port. For array can cope with the 10-Gbps cell
example, both optical packet signal B data bits in optical amplifier
and C, in Fig. 4, have header bit at operation. Priority control can also

time slot T2. However, header bit be achieved using same structure. By
optical power of the packet B is using the proposed buffer memory and
larger than that of the packet C. As a routing fabric, the photonic packet
result, the VSTEP, to which the packet switch can provide extremely high

B has been injected, is turned to the performance.
ON state faster than the VSTEP, to

which the packet C has been injected,
with increase in in injection current.
Increase in injection current causes
drop in VSTEP applied voltage due to Ief ernJnnnn
the function of the resistance. Thus,

the VSTEP, to which the packet C has 1. P. R. Pruonal et al.,

been injected, can not be turned to Photonic Switchingt87 ThB4
the ON state. In this way, priority 2. A. de Bosio et al.,

control can be achieved by changing Photonic Switching'87 ThB2
optical power of the header bit. 3. K. Y. Eng, Globecom'87 47.2

The accepted optical packet Is 4. H. Kobrlnski et al.,

amplified by the turned ON VSTEP. B:' Globecom'88 29.5
half reflection coating on the reverse 5. S. Suzuki et al.,

side facet of the VSTEP, the accepted Photonio SwitchIng'89 FA3
optical packet is transmitted to not 6. Photonic Switching'90

only the output but also the input Session 14B

port. Thus, by detecting the back- 7. K. Kasahara et al., Appl. Phys.
propagated optical packet signal, the Lett., Vol. 52 p. 679, 1988

buffer memory control circuit know 8. Y. Tashiro et al., Appl. Phys.
whether the optical has been accepted Lett., Vol. 54, p. 329, 1988

or rejected. In case of rejection, the 9. I. Ogura et al., The 22-nd (1990

buffer memory sends again same packet International) Conference on
signal to the routing fabric in the Solid State Devices and

next cell transmission time. Materials D-3-5
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Abstract can be made independent of the address headerdata rate. Thus even for very high capacity
We demonstrate self-routing of optical data systems, electronics can be used to detect and
through a photonic packet switch with optical decode the address header and to control the
gain. A semiconductor optical amplifier is routing switch. Since the address header of a
used to simultaneously amplify packets and packet is small compared to the payload, this
detect address headers. The system described approach does not significantly decrease the
here uses a hybrid of optical switching and information transfer efficiency. Using a
electronic control which results in a flexible hybrid of optical switching and electronic
system combining the advantages of both control results in a flexible system which
technologies. The switch is transparent to the combines the advantages of both technologies.
bandwidth of the optical data thus allowing One limitation of previous photonic
essentially unlimited payload bit rate. The packet switch demonstrations has been optical
user data rate in the present experiment is 1.24 losses within the switching fabric. In the
Gb/s. present paper we demonstrate a hybrid self-

routing photonic packet switch that uses a
Introduction semiconductor optical amplifier to compensate

losses and provide a net optical gain.
Packet switching has become an attractive Furthermore, the semiconductor optical
means of transferring digital information amplifier simultaneously detects [3] the
across high speed communications networks, address header as well as amplifying the
The self-routing of packets using a photonic incoming packets. By combining the
switch that is transparent to the optical functions of optical amplification of the packet
information bandwidth [1] has several and detection of the address header, the system
advantages over electronic switching, architecture is simplified. The results
including flexibility of data format and the described here show operation at a payload
ability to avoid electronic speed bottlenecks. data rate of 1.24 Gb/s, but the payload data
It has been shown [2] that in photonic packet rate is limited only by the optical bandwidth of
switching data transfer rates for the the system and could, in principle, be many
information content of a packet (the payload) tens of gigabits per second.

117



S18 Pholonic Switching

Experimental System the optical amplifier when used as a detector is
shown in Fig. 2. The measured detection

Fig. I shows the experimental arrangement. A bandwidth was 363 MHz, which limits the
DFB transmitter laser at 1.3 microns data rate of the address header to less than
wavelength is directly modulated at 1.24 Gb/s about 600 Mb/s. The start bit preceding the
with a NRZ format using an Anritsu ME522A address triggers a clock at the address header
data generator. The data generator was bit rate which in turn clocks the address bits
programed to provide packets with 9-bit into a shift register while ignoring the payload
address headers at 155 Mb/s and 48 byte data. The output of the shift register controls a
payloads at 1.24 Gb/s. This format is set by driver circuit which sets the state of the optical
available instrumentation limits, but in switch. The optical switch in these
practical systems larger address headers and experiments consists of a 2x2 LiNbO 3
payloads would be used. Each packet begins directional coupler with fiber pigtails [5].
with a single start bit (at 155 Mb/s) that Depending on the value of the address bit, the
provides the timing information for decoding driver circuit changes the state of the LiNbO3
the address header and routing the packet. As switch to either the cross or bar state, thus
no external timing is needed, the system is routing the information to either of two
applicable to asynchronous transfer mode outputs.
(ATM) switching networks [4]. In particular,
the header rate of 155 Mb/s and the payload . 0 - - -

size of 48 bytes conform to CCITIT standards
for ATM packets.4

TF dc ffEWO;rut 2

I A S khI0 250 500

Frequency (MHz)

Fig. 2: Electrical frequency response of the
Optical Path - Electronic Path optical amplifier

Fig. 1: Experimental photonic packet The input packets are delayed by a
switching system length of optical fiber which matches the

delays of the detector, amplifiers and address
At the input to the packet switch the decoder circuitry. This ensures that the

optical signal (at a power level of -15 dBm) complete packet arrives at the LiNbO3 switch
enters the semiconductor optical immediately after the switch state has been set.
amplifier/detector. The optical amplifier A polarization controller sets the polarization
compensates losses in the switching system of the light entering the switch. For correct
and also functions as a detector [3] for the operation individual packets must be separated
address header, thereby eliminating the need in time. A guard band between packets allows
for a separate optical receiver. The junction sufficient time for switch reconfiguration to
voltage of the optical amplifier is ac-coupled occur between packets. In the present
through a bias tee to a broadband electrical experiment, the guard band is approximately
amplifier which drives the address processor. 45 nsec to ease initial experimental timing
The measured electrical frequency response of adjustments. We believe that it will be
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possible to reduce this guard band to Conclusions
approximately the reconfiguration time of the
LiNbO3 switch (a few nanoseconds). We have demonstrated a flexible photonic

The fiber-to-fiber gain of the optical packet switch with optical gain. The switch
amplifier is about 10 dB. The total optical uses a hybrid approach which takes advantage
losses in the packet switch are around 8 dB, of the flexibility of electronics to process the
comprising 5 dB in the LiNbO3 switch, 2 dB header information at a fixed data rate, while
in an optical isolator at the input to the optical allowing optical information to flow through
amplifier, and 1 dB of other losses. The net the system at an arbitrary rate (in this case
gain of the overall packet switch is about 2 dB. 1.24 Gb/s). Losses in the switch are

compensated using an optical amplifier. The

Results system architecture is simplified by using a

Fig. 3 is an oscilloscope trace of the two single device both as the optical amplifier and

optical switch outputs showing correct routing also as the detector for the address header.

of packets with a 155 Mb/s header data rate References:
and a 1.24 Gb/s payload rate. The data
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Abstract optical way. The loop was designed to operate at
2.4 Gbits/s with a packet transfer mode. Packets

Passive Access Node Switches, consisting in two on the VHSOL posseses their own header field,
cascaded switches and two detectors, have been but their information field can be formatted to
successfully monolithically integrated on InP accomodate standard ATM (Asynchronous
substrates. Tranfer Mode) packets.

The key component of the VHSOL is the Pas-
sive Access Node (PAN) which provides the inter-

Introduction face to the main optical fiber ring. The PAN is
built as two cascaded optical switches followed byOptical rings have found many applications in two integrated detectors (Figure 2).

high speed Local Area Networks (LANs). Gener-
ally, such rings are formed by point to point op-
tical transmission links, implying optical to
electrical conversions at each node. These repeated
conversions affect the reliability, generate jitter,
increase the susceptibility to electromagnetic inter-
ferences and limit the bit rate to that allowed by
the node processing electronics.

A novel optical ring system design, called the pti-I fib"

Very High Speed Optical Loop (VHSOL), has Fiture 2: Schematic of the PAN switch
been recently proposed (I).

The first switch (access switch) performs an ac-
cess control function so that the PAN can operate
in a listening, receiving or transmitting state. The
second switch (correlation switch) is used as an
optoelectronic correlator for synchronization and
address interpretation purposes. The PAN thus
performs a self-routing function based on fully
optical header interpretation.

In the listening state, a small amount of theoptical power is tapped by the access switch. In
o" this operating state, the address contained in the

headers of the packets are continuously monitored
by the PAN. The interpretation is based on a cor-

Figure 1: The Very High Speed Optical Loop relation technique using the correlation switch, the
integrated detector and a narrow hand receiver (2).

In contrast to the conventional ring structures, When the PAN recognises its own address, the
the VHSOL (Figure I) preserves the transparency access switch goes into the receiving state, picking
of the loop. Each node accesses the ring in a purely enough light for data interpretation. The optical
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signal then goes to the second detector which is
coupled to a broadband receiver. The PAN can
also transmit informations to other users, taking Switch Photodiode

the advantage of the access switch as a depletion two steps oinoe step

modulator to write information on empty packets 1 1
(continuous light stream) passing through the .WMS .(,- s pMWnode. 

2ndepit'a7  1.uis In- Infl n G.

In this paper, we present results on fully inte- n- lrW,

grated PAN switches fabricated on InP. Both di- n- W o.,1,P
rectional coupler and total internal reflection ,. . 07 P
switches are discussed.

MnP

Structure and fabrication of inP PANs

Passive Acess Node Switches have been designed Fig= 3a Epitaxial structures for TIR-PAN
and fabricated on lnP substrates. Two options
have been pursued for the switches: the carrier
depletion directional coupler (CDDC) (3) which Sitch Pboodocle

operates with a reverse bias and the total internal tw step ON stop

reflection (TIR) switch (4) which uses carrier in-
jection. The receivers are GainAs pin detectors .T .
coupled to the GalnAsP waveguides by evanescent 2 g,. ' t,, P b'3 p , grw,
field coupling (5). The structure is grown by _,,_,,__-._

Chloride Vapour Phase Epitaxy in a two step %%' grow l "P G^A t% f-t'ti

process. The waveguides and the photodiodes are I "
grown during the first step. Then, the photodiode
regions are protected by Si0 2 and all the layers are
chemically etched down to the InP layer separating
the waveguide and the absorbing layer. The InP
cladding layer and the contact layer are then lo-
cally grown. The same approach is used for the Fie 3b: Epitaxial structures for CDDC-PAN
CDDC and TIR switches; The doping of the lay-
ers depending on the switch type (Figure 3). Figure 4 shows a PAN switch based on TIR

This technology allows highly efficient switch technology. Devices with intersecting angles of 2',
and detector structures without any compromise 30 and 4 have been realized. The active region is
on the device design. The p region of the 100 urn as small as 100 um long for 40 angle leading to
long photodiodes is achieved by localized Zn dif- very short devices ( - I mm long). The CDDC
fusion through a SiN 4 mask and the rib devices are larger (2, 3 and 4 mm long coupling
waveguides are etched by reactive ion etching in a region) which makes the CDDC-PAN switches ~
CH4/H 2 mixture. I cm long.

Flmre 4: SEM photograph of a PAN switch with TIR technology
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Figure 5: Photograph of high frequency module

After cleavage, the devices are mounted in a mod- -800
ule compatible for high frequency operation pro- C
viding all the necessary optical and electrical C
interfaces (Figure 5). The PAN switch requires
only one fiber in and one fiber out which reduces .2 1

0the pigtailing problem to a similar case to the laser &400-
one. Couplings losses of 3 dBifacet can therefore 30o-

be expected. 200-
100,

Results and discussion 0 4 8 1'0 12 14
Reverse Bias (V)

First processed devices exhibit all the desired Figure 6: Switching characteristic at 1.52 prn TE
functionalities although further refinement will be polarization) of the corielation s\\itlch ( second
needed to fullfil all the system requirements. The switch) recorded with the integrated detectors. The
waveguide losses measured by the Fabry Perot CDI)C-PAN switch is in the listening state ( the
technique were found to be below I1(Bcm indi- access switch is unbiased).
cating that the second epitaxial growth introduces
no significant degradation. Discrete and integrated 10
directional couplers exhibit complete switching at
- -6 V for 4 mm long (levices and- -10 V for 3 8

mm long devices ( Figure 6). The driving current
of the TIR switches with 4^ angle was 240 mA and
was confirmed to be polarization independent (Figure 7). The detectors, strongly coupled to tile

waveguides, exhibit an absorption of 2060 dB/cni 2
which means that nearly all the light is detected
with 100 jim long devices. The detectors exhibit 0 -
low (lark current 0 I nA at -10 V. The 0 100 200 250 300 350Current IMA)
capacitance of the order of I pFi on n' InP has
been reduced to - 0.3 pF on semi-insulating lnP Figure 7: Switching characteristic at 1.52 !:m of a
and using an air bridge technology to isolate the TIR switch ( 2' angle) recorded with the integrated
bonding pads. detectors.
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Preliminary high frequency tests have shown Conclusion
that in the first generation of CDDC-PANs grown
on n' lnP the speed is limited to 600 MHz due to Passive Access Node Switches, consisting in two
a high switch capacitance (3pF/mm) (6). cascaded switches and two detectors have been

Further improvement of the characteristics of monolithically integrated on InP substrates and
the PAN switches is currently under investigation. functionalities have been demonstrated with both
Especially, the use of semi-insulating substrates is CDDC and TIR technologies.
meant to reduce the capacitances and to lead to
higher speed devices. Also, the adjustment of the
composition of the quaternary of the waveguide Acknowledgments
(7) to increase the bandfiiling effect in the devices
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ABSTRACT

We consider here the capacity of multiwavelength In this paper, we briefly review the power-
optical star networks as applied to high-speed packet budget and tuning-range limitations, and consider
switching fabrics. We review the limits of this capacity the effect on switch performance of the signaling
that are imposed by the optical power budget and the channel. We integrate these concepts together
tunable range of the optical components. We also into a composite performance picture and give
analyze the limitation that is caused by insufficient two concrete examples which illustrate the impact
bandwidth in the switch-control channel which
controls the switch-element settings, such as the of these limits on switch design and application.
wavelength settings of the output port receivers.

We find that this limited switch-control bandwidth
can be a major factor limiting the switch capacity, and We consider here the network shown in Fig.
that the packet length and the control-channel bit rate 1. An NxN broadcast optical star has a set of N
are key parameters. A comparison is made of lasers operating at a set of N unique, and fixed,
coherent and direct detection as applied to such wavelengths. The star itself is usually assumed to
networks, with the finding that for ATM be made of several (log2N, to be exact) stages of
(Asynchronous Transfer Mode) coherent detection is 2x2 fiber couplers, interconnected in such a way
not required since the switch capacity is not (for the I p
parameters 4ssumed) limited by the power budgets. that each input wavelength is distributed
For the case of longer packets, however, a much uniformly over all of the N output fibers.
higher capacity can be achieved with coherent than At each of the star's outputs there is a tunable
with direct detection. Overall capacities ranging from At each t sap's o thris a t e
several hundred Gbits/s to greater than one Tbit/s are receiver which is capable of tuning over theprojected, entire range of wavelengths of the input lasers.

Each of these receivers must be instructed to

I. Introduction tune to the desired wavelength for the receipt of
the packet destined for that output port. This

An issue of considerable interest in the field implies that there must be a communications
of high-speed network and switch design is to channel for signaling and control between the
find the practical limits to the achievable input ports and each of the output port receivers.
bandwidths of switching and routing networks The bandwidth of that channel will limit how fast
made of passive optical stars and multiwavelength the switch can be reconfigured, and therefore
tunable lasers and receivers. In previous work, becomes another limit to switch performance.
well) and others[2' have discussed the limitations Contention resolution and packet buffering are
due to power budget limitations and available not considered here.
optical spectrum on the capacity of switches
which use such multiwavelength optical star The switch capacity, C, is defined as

networks at the core of the switch fabric. C = B'N,
Henry[2

] has given an argument which illustrates a
third capacity limit due to the bandwidth where, B is the bit rate of the transport through
available within the switch for communicating theN is the number of independent
switch control functions to the crosspoint wavelengths, or packets, simultaneously being

elements of the switch. transmitted through the star. N is also the size of
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PTL.(1)

Fixed x Tunable B-N - h .n (1)
Lasers Receivers vn

where PT is the transmitted laser power, L is a
loss allowance, #i is the loss per stage of the star

{ e N1  coupler, N is the size of the star, h is Plancks
N__ _constant, v is the optical frequency, and n is the

receiver sensitivity in photons per bit. For ideal
receivers, where performance is limited only by

NX N photon-counting fluctuation in the incident laser
1light, np is a constant, independent of bit rate,

PASSIVE whose value is typically between 10 and 20,
OPTICAL depending upon the details of the modulation andO TC detection schemes. A value more representative

STAR of practical heterodyne receivers is np- -100
photons per bit. For lossless couplers, fi = 1,
resulting in B'N = 7.5 Thits/s at a wavelength of

qXXT 1.5 pm, independent of N. For iossy couplers, #
'N is still close to 1, and B-N decreases slowly with

increasing N, as shown by the dotted line in Fig.

Figure 1. Multiwavelength optical star switch 2, for a loss of 0.2 dB per coupler. This

network with tunable receivers and corresponds to R = 0.955, and results in a very
fixed wavelength lasers. gradual decrease in BN from 7.5 Thit/s at N = 1

to B'N = 4.7 Thit/s at N = 1024.
the star. This definition excludes the effects of It is seen that the additional sensitivity of the
overhead and contention on the throughput of coherent receiver is potentially very attractive for

achieving very high capacitites, well beyond the
11.1 Power Budget Limits limits imposed by ordinary direct detection. This

In Fig. 2, we show a plot of switch capacity is especially true at the lower bit rates (bit rate

versus star size N, including results calculated decreases as one moves to the ight on this
from experimental receiver sensitivity data[' 1 for figure). Three recent data points are also shown

both coherent and direct detection receivers, for the use of an erbium-doped fiber amplifier
curves pote and delci oeste receiver, with direct detection[4]. These optical amplifiercurves plotted as the loci of best receiver results are nearly as good as the coherent

sensitivities, and a theoretical line of capacity results and represtoe possible
versus N for a receiver sensitivity of 100 photons detection results and represent one possible

per bit. This plot is obtained by calculating the means for extending the power budget limits of
splitting loss, 1/N, which just exactly brings the direct detection systems, although it must be

total power budget to zero at a given bit rate for remembered that current fiber amplifier
a given receiver sensitivity and for an assumed set 30 nm.

of additional losses. At a constant bit rate (the 30 nm.

line for 5 Gbit/s is shown in the figure) N may be 11.2 Tuning Limits
increased up to the value for which the splitting The second limit on capacity is due to the
loss is equal to the net available power budget. limited tuning range of the lasers or receivers.
This is done for each experimental data point, Although the fiber low-loss region extends over a
and finally a locus is drawn representing the best alegthe f er l tens oersaresults. In doing so, we have assumed a wavelength range of several tens of nanometers,
traslttr p r doig so, weave asdB ma , a current tunable optoelectronic devices have atransmitter power of I nW, a 3 dB margin, 1 dB much more limited tuning range. Three-section
for connector losses, and 6 dB for filter losses, tunable distributed Bragg reflector (DBR) laser
We have also accounted for the excess losses inthe star coupler at a rate of 0.2 dB per stage of diodes have continuous tuning ranges on the
2x2 couplers. order of 3 to 4 nm, and maximum discontinuous

tuning ranges of about 10 nm 51. Some tunable
The equation for the power budget capacity filters have wider tuning ranges, but the really

limit is given by[31 21111, high-speed tunable filtersl6] only exist in the form
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Figure 2. Experimental capacities for direct
detection (DD), DD with erbium fiber
amplifiers, coherent detection (COH),
and their loci. Also, capacity for 100
photons per bit receiver sensitivity.

of laser diode distributed feedback (DFB) dBIs/. A value of p 6 is assumed here. This
amplifiers which have very limited tuning ranges gives the set of tuning limits shown in Fig. 2, for
(6 A) with only 8 independent high-speed various tuning ranges. It is seen that for current
channels having been demonstrated so far. It values of tuning ranges in the 5 to 10 nm range,
would appear that the most promising means for the tuning limits are much more restrictive than
producing a high-speed tunable receiver of large the power budget limits. It is reasonable to
channel capacity is to use coherent detection with assume that considerable improvement in the
a high speed tunable local oscillator71, tuning range limits will be possible.

The limited tuning range of either lasers, or 11.3 Signaling Limits
receivers, gives a limit to the switch capacity We now consider the limits imposed by the
given by(') communications bandwidth available within the

B.N = Afl/p, switch to communicate the desired switch settings
to the switching elements, whether they are

where Afl is the total optical frequency range electronic or optical, and whether they are

over which either the laser or receiver may be

tuned, and p is a channel-spacing factor given by arranged in an NxN crosspoint array, or in a set

the ratio of the optical channel spacing to the bit of tuned receivers as shown in Fig. 1. This

rate, bv/B. The value of p commonly ranges from generality derives from the fact that the switching

10 to 20 in research experiments. The value of p process in its essence consists of sorting N inputs

determines the crosstalk between channels. into N outputs. This requires an address

Teoretical values as low as p - 2 have been specification of log2N bits for each address, or

predicted for crosstalk penalties less than 0.5 Nlog2N bits altogether to set the entire switch. In
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the case of output-port receiver tuning, these bits PT.L
must be communicated to the output ports to Zell C, h .npP log 2N,'k'. (6)
the receivers to which input wavelength to tune.
Note, however, that we are not including the time A critical factor in Eq. (6) is the packet
required to compute the new switch settings, that length, P. In the next section we will discuss two
is, to resolve the contention for the output ports. examples: ATM, for which r is 424 bits; and

Data, for which P is assumed to be 16,000 bits.If C is the overall switch capacity, N is the The result of these two widely divergent
number of inputs, and P is the length of a packet, assumptions for the same 100 photons per bit
then C N-P/iT,, where T, is the time the receiver as earlier is shown in Fig. 3, in which
signaling channel takes to transmit all of the the required control channel capacity is plotted
packet addresses to the output ports. Each versus the size of the network, N. Whereas for
packet requires log2N address bits. If the rate of ATM, a control channel capacity of
packet transmission is N.B/P, then the required approximately 100 Gbits/s is required, for the
capacity of the signaling channel is Data case, a control channel capacity of only a

=N-B og2N, few Gbits/s is sufficient. This serves to emphasize
P the importance of the packet length on the

or, overall capacity of the switch, and illustrates the
relative difficulty of achieving the full power

C. log2N (2) budget limited capacity of networks of this type.C P

The switch capacity C can then be written III. ATM and Data Transmission Examples
p PBs Two examples which lie at almost the extreme

log2N log2N, (3) opposite ends of the packet length range are the
cases of ATM (Asynchronous Transfer Mode)where B, is the bit rate of each of the signaling and computer data transfer, refered to here

channels, and K is the number of the signaling simply as "Data." For ATM, the packet length P
channels. has been set at 48 bytes of data plus 5 bytes of

We examine two special cases of Eq. 3. The header, which gives a total of 53 bytes or 424 bits
first is for K = 1, the one-bit-bus, and the second for P. For Data, we assume for contrast a packet
is for K = log2N, the log2N-bit-bus, length of 2000 bytes. We also assume a signaling

PBs bit rate B, = 1Gbit/s. We therefore obtain
CASE I: C- to2  one-bit-bus], (4) _________log2N 0 . . ... . .. . ..

CASE H: C P'B, [log2N-bit-bus]. (5) W

It is seen that a critical parameter in both Je ,0 ....... .................. ...
cases is the product of the packet length and the - - " - -

signaling channel '-it rate, PB,. One would
normally choose B, as large as is practical for the
technology of choice, but the packet length is _ 10 ........... .... .....................

usually dictated by issues outside the realm of E
technology, such as the desired service needs and
standards issues. We consider the effect of .'-

packet length in the next section. , ..........
tlo teoo iooo 'o

Equation (2) gives the signaling channel capacity,
C., required to achieve any switch capacity, C, in
terms of the size of the network, N, and the Figure 3. The control channel capacity required
packet length P. If C is taken to be the power to achieve the power-budget limited star
budget lirfit associated with a receiver sensitivity capacity for a transmitter power of
of n photons per bit, Eq. (1) gives the result I mw and receiver sensitivity of

100 photons/bit."
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ATM: P-Bs = 424 Gbits/s, and the benefit from going to a parallel bus
structure for that signaling is dominant. In

Data: P-Bs = 16 Tbits/s. particular, there is not much point in using
coherent transmission, with the possible

In Fig. 4, we have plotted the four combinations exception of achieving high-speed tuning.

of ATM and Data transmission using both the In addition, there is no real reason for
one-bit-bus and the log2N-bit-bus, assuming that going to large star size; the full benefit of
the bit rate for the actual optical transmission the star network is achieved for N - 100.
through the star is B - 5 Gbitsls. 2. For long packets such as in computer data

Consider first the ATM case. For small N, transactions, the power budgets do matter,
the capacity is just given by the product of B and and coherent is advisable if maximizing the
N, and increases linearly with N. For the one- capacity is the objective, however, using an
bit-bus, at a relatively low value of N = 20, the erbium doped fiber amplifier with direct
one-bit-bus limit is encountered. At higher values detection may still achieve the same
of N, the capacity decreases logarithmically with capacity. In either case, star sizes of N -
N, the maximum capacity being about 100 1000 - 4000 are required if maximum
Gbits/s at N = 20. capacity is the goal.

Still considering ATM, but with a log 2N bit- The signaling limit does imply that at the
wide-bus, the signaling limit is not encountered extreme of large N a benefit is had from
until N = 85, above which the capacity C stays going to a parallel bus for signaling, but the
constant at a value of 424 Gbits/s (P'Bs). In need here is not as imperative as it was in
neither of these ATM cases do the power the ATM case. It might in fact be better to
budgets play a significant factor in limiting the work to increase the signaling bit rate, B,,
switch capacity, but a significant improvement in than to try to implement the parallel bus.
capacity may be had by going to the parallel bus
structure. IV. Summary

On the other hand, for the Data case, where We have considered the limitations to
the packets are 2000 bytes long, the situation is capacity of a multiwavelength optical star packet
changed. Referring to Fig. 4, it is seen that for switch, and in particular the limit imposed by
increasing N the capacity is limited by the power insufficient bandwidth in the signaling or control
budgets for N beyond about 100. For Direct channel which tells the output port tunable
Detection, this is true for all N > 100, and the receivers to which wavelength they should tune.
capacity peaks out at less than 1 Thit/s at N - We have found that much depends on the packet
600. For the Coherent case, the power budget length, and in particular the product of the
limit continues to increase for all N shown on the packet length P and the signaling channel bit rate
figure. The signaling limit does restrict the B,. For short packets, such as in ATM, the
capacity if a one-bit-bus is used, but not until the power budgets are not a significant factor, and
capacity has reached well past the 1 Thit/s level, the bandwidth of the signalling channel is

dominant. Increasing that bandwidth by the useAlso, in the Data example, the use of an
erbium fiber amplifier with direct detection of a parallel bus is indicated.

appears to achieve all of the capacity that the 1- For long packets, the example used was P =
bit bus will allow. 2000 bytes, the power budget is much more

The impact of these examples can be important and the signaling channel less so. In
Thmmared ac fof h the easmp s c n b this case, coherent detection adds significantly to

summarized as follows (with the assumptions on the total switch capacity.

operating and signaling bit rates, and packet

length): The comparison between capacities achievable
for the ATM and Data cases indicates that it will

1. For short packets such as in ATM, the be difficult to utilize the capabilities of the
power budget limitations on optical star emergent multiwavelength technology to its fullest
networks are not likely to be the limiting in switches designed to carry ATM cells of the
factors. Instead, the signaling bandwidth current cell length. There are still advantages to
within the switch is much more significant, the optical designs for ATM, however, which
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Figure 4. Combined capacity limits due to power
budgets and signaling for both ATM
and DATA examples.
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Abstract The aim of this paper is to present new results on
high speed optical triggering and wavelength

An integrated wavelength converter based on a DBR switching using an IWC based on a new laser
laser including a saturable absorber is presented. featuring a DBR-type structure in conjunction with a
Optical triggering with nanosecond reponse time has saturable absorber section.
been recorded with 100 pW optical control power.
Also, Ins duration wavelength switching between two ragtrttes of the ir
adjacent modes has been achieved.

The laser, made by 3-step LPE, has a 3-section
active-passive DBR [4] structure, as represented in

langmiglkm figure 1. and is driven by 3 independent current
sources through 3 isolated electrodes. A special

Recent advances in the field of tunable semiconductor design of the electrode pattern [6] allows for non-
lasers have stimulated research studies on new optical uniform pumping of the active (amplifying) section, a
switching concepts and architectures making efficient part of which is behaving as a saturable absorber. The
use of the wavelength domain, role of the center section actually is to adjust the

In the specific case of ATM-type systems, cells (data saturable absorber characteristics; thus, it will te
packets) can be encoded in the wavelength domain so referred to as the saturable absorber control (SAC)
as to determine a physical path through the switching section.
network (wavelength routing) [1,2,51.

However, the useful tuning range of semiconductor
lasers is still restricted to 10-20 nm and thus the
capacity of any switch fabric based on wavelength
routing remains somewhat limited, in terms of number
of available wavelength multiplexed channels.

In order to increase further this capacity,
the integrated wavelength converter (IWC), recently g lae

demonstrated by Kondo et al [3], is an attractive u layer , _ _* I

device which can be used, for instance, as an optical lnP substrate * I a

gateway between stages of a multistage wavelength ,
switching network.

The IWC is a tunable laser which can be optically ACTIVE -SA. CONTRO S TUNINGly SECTION " SECTION ETO
triggered by external light; if this external signal is EC O L E E
carrying binary data via intensity modulation, the IWC ,"'SATURABLE -- *

translates the ining signal into an image signal, the ABSO ER
wavelength of which can be tuned by electrical means. SECTION

Thus wavelength conversion is being achieved by Figure 1 : 3-section DBR laser including a saturable
using a single component. absorber

133
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The lengths of the active section, the SAC section nsequence, the tuning of the drive current in
and the Bragg section respectively are 300 pm, 100 Z, , section modifies the width of the hysteresis
pm and 500 pm. The saturable absorber zone is 10 cycle which is characteristic of the bistable regime.
un long. The threshold current typically is 50 mA Figure 3 shows that the bistable operation
and wavelength tuning over 24 A, involving 3 modes, conditions can be adjusted with a remarkably low
has been obtained. Continuous tuning is limited to 12 value of this current: no hysteresis can be seen when
A. the current exceeds 2mA.

The L-I characteristic exhibits a bistable region for
a range of values of the drive current in the active Exnerimental Set-Un
section; the width of the bistable region can be
modified by tuning the drive current in the SAC The experimental set-up is represented in figure 4. The
section, as represented in figure 2. laser is electrically-controlled via a PC computer. We

have designed and built up a specific circuit for the
Drive current In active section (mA) control of the lasing wavelength. The values of the

0 55 60 drive current corresponding to the various lasing
o 0- modes (ie the different wavelengths) were stored into

C -L an electronic memory. The control circuit basically
THR(1 O consisted of a RAM and a 200 MHz digital-to-analog

converter in order to transform binary data into actual
Z' drive voltage values; a driver circuit was located close

to the chip.
The optical control of the laser chip was achieved by

U launching into it the optical wave emitted by a
conventional DFB laser (control laser). Tapered fibers_2 have been used to provide good coupling efficiencies.

THRESOLD The wavelength switching speed measurements have
i been realised by means of a Fabry-Perot filter, which

was used to convert wavelength modulation into
intensity modulation.

Figure 2: Bistable operation conditions

P (MW) P(mW) Ita0.1 mA
4IcuOIlA -4 ..

3 an

2 2

1 1

0 (n 0 o .1 I(RWFigure 4: Experimental Set-Up

P (MoW) P (rW)4 .mW -u mA For the optical triggering experiments, the laser was

4 -2 mA biased below threshold and close to the bistable/ operation (electrical) conditions (see figure 2). The
a laser could be switched on and switched off by

2applying about 100 microwatt peak power optical
2 2 trigger pulses (launched into the chip). The emitted

power, when the laser was switched on, was depending
1 on the actual biasing conditions : when the drive

current into the SAC section was decreased down to
o (A) O zero, the emitted power in the on state was observed to

To Igo To 0 (a) increase up to 3 mW.
Figure 5 shows the optical triggering process at low

Figure 3 : Control of hysteresis cycle : I : current in rate (10 kHz) and the characteristic reshaping of the
active section, Ic: current in SAC section. incoming signal. The control laser was modulated by a

sine wave.
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Figure 6 shows high rate operation (100 MHz). mechanism involved in the process relies on absorption
Optical triggering has been observed up te 300 MHz of the trigger light.
repetition rate, limited by the pulse generator driving
the control laser. Wavelength switehing

The ultimate speed of the process has been evaluated
by driving the control laser by means of a low - Wavelength switching has been investigated following
repetition rate fast rise time pulse generator. The the step tuning approach, which we consider to be the
results are shown in figure 7 (optical control pulses most promising for future applications.
with 200 ps rise time) and figure 8 (triggered output A Fabry-Perot interferometer, with 3000 GHz free
signal with about 500 ps rise time). spectral range and a finesse in the order of 50, has been

As expected, the rise time was depending on the peak inserted between the laser under test and the
power of the control laser : for a 50 jiW peak power photodetector. By adjusting the electrical drive voltage
control pulse, the rise time of the triggered pulses was of the interferometer, it was possible to use the
about I ns. transmission peak as a wavelength discriminator,

The optical triggering has been found to be although the non-linear transfer function was a limiting
polarisation insensitive, proving that the physical factor for accurate measurements.

Figure 5: Optical triggering at low rate: Figure 7: Optical control signal:
bottom trace: optical control signal, rise time: 200 ps, peak power 100 pW
top Uace : triggered optical output

Figure 6: Optical triggering at high rate: Figure 8: Trggered output signal
bottom trace: optical control signal, ise time: 500 ps
top trace: triggered output signal
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Figure 9 shows the risetime of the electrical drive Figure 10 shows a 1 ns typical response time for the
signal, which is about 2 as, limited by the Digital-to- switching between two adjacent modes. This result
Analog converter speed, with 20 mA amplitude, shows that the step tuning approach (mode hops) can

provide characteristic response times depending only
on the laser characteristics, as the observed tuning
duration is less than the rise time of the electrical
control.

We have reported new results on fast optical triggering

l I and wavelength switching using a 3-section DBR laser

with a saturable absorber region. The device has
exhibited interesting features, especially a small
optical control power, of the order of 100 piW, and
nanosecond (wavelength switching) or sub-nanosecond
(optical triggering) response times.

.The typical operation speed recorded here suggests
that such a component could be adequate for ATM-
type optical switching at about 600 Mbit/s.

Figure 9: Wavelength switching:
Electrical control pulse. References
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Abstract 2. Nultistage connection of 2hoton1c cross-
comnect node

A wavelength conversion laser application to
wavelength-division photonic cross-connect Fig. 1 shows one of the multistage configu-
system is presented. We successfully rations for our proposed photonic cross-
achieved error-free operation in wavelength connect system[l]. At the interswitch con-
switching at a 125-Mbit/s data rate. nection stage, wavelength multiplexed opti-

cal signals transmitted through wavelength
multiplexed link from the 1st basic switch

1. Introduction are distributed to the NWSFs by optical star
B-ISDN requires a throughput in excess of coupler and only the desired wavelength
50 Gbit/s, even in a subscriber loop for signals are sent to the star coupler and
full-motion video transmission. To provide then wavelength selective filter(SF) corre-
the network capacity and to provide flexi- sponding to the desired 2nd basic switch.
bility, optical signal processing technology Each signal through each WSF is wavelength-
is used, especially that of optical wave- converted at WCD and transmitted to the 2nd
length-division multiplexing. We have al- basic switch through the link. The switching
ready proposed such configuration of photon- or connecting principle in the 2nd switch is
ic cross-connect nodes that perform non- the same as for the 1st. In this multistage
blocking cross-connection with two stages by connection, wavelength conversion for the
utilizing multi-wavelength selective fil- 2nd switch is achieved without O/E conver-
ters(MSFs)[1]. In our proposed configura- sion.
tion, a large capacity can be provided with The channel number in each basic switch
multistage connection, and signal wavelength is defined by the number of multiplexed
conversion will be essential at the connect- wavelengths in the switch board. The maxima
ing stage between two groups of the basic number of cross-connect channels in this
switches when connected by multiple stages. system for a-multiplexed wavelengths is
In the connecting stage, use of wavelength given as m3.
conversion devices (WCDs) such as wavelength
conversion lasers(WCLDs) has the advantage
of hardware scale reduction in large-scale O W. 2W

connecting systems, thus eliminating elec-6"
tronic circuits such as O/E or E/O convert-
ers.

In this paper, we report the first
error-free operation of our WCLD[2] in i a UM
optical signal wavelength conversion. We W S Now*

have successfully achieved its wavelength °a-
switching at a data rate of 125 Nbit/s, and - ! .. .
have shown the applicability of the device
to large-scale photonic cross-connect sys-
tems, together with cross-connect channel Figure 1. 03x 43 multistage photonic
number estimation. to cross-connect node configuration
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3. Wavelength conversion experiments with a 3-2 Experimental results
WCLD The optical output waveforn of WCLD under

wavelength conversion operation is shown in
When WCLDs are used as WCDs in the inter- Fig. 3. The input signal is wavelength-
switch connection stage described above, the converted and put out with good eye opening.
cross-connect channel number is limited by Figure 4 shows the error rate characteris-
the optical Input and output level of WCLD tics of the WCLD output signals when the
for wavelength conversion. We conducted converted output wavelengths (Xo.t) are
experiments on wavelength conversion with 1.53672 and 1.53760 pm. Error-free operation
WCLD. with error rates below 10-10 was confirmed

for both outputs. The receiver sensitivities
3-1 Experimental setup at 10"9 of the error rate were -37.6 and
The setup for the wavelength conversion -36.7 dBm, and power penalties from E/O to
experiment with a WCLD is shown in Fig. 2. O/E direct transmission without the WCLD
The input and output signals use a direc- were 2.0 and 2.9 dB. This power penalty is
tional-division scheme, namely the output mainly due to the on-off ratio of WCLD with
signal from the WCLD is taken out by lens different current bias conditions.
coupling at the same active region facet Under this type of setup, the output
that the signal is injected. The reason for level margin for optical loss from the
this is, for the WCLD sample we tested, the optical coupler output to O/E sensitivity
optical output power from the DBR region was measured as 16 dB.
facet was less than that from the active
region facet by more than 6 dB, so that it
gets some drawback to output the wave-
length-converted signal from the WCLD's DBR
region facet for optical output level margin
in the stages following WCLD. This is be-
cause the optical power-splitting loss is
the one factor that limits the cross-connect
channel number after WCLD. In this setup,
the input and output signals are attenuated
by 3 dB through the optical coupler, but the
output level is still 3 dB-plus more than
from DBR region by the simpler optical
coupling system.

The input signal wavelength XIn is
1.52788 pm, and the data rate is
125 Nbit/s(RZ). Input signal polarization is
set to TE injection to WCLD with the polari-
zation controller(PC). H: 2 ns/div.

The output signal is put into O/E Figure 3. WCLD output waveform
through an optical band-pass filter(BPF) (At=l.53672 pm)
(10-nm FWHM) and only the wavelength-con-
verted signal is received at the O/E for
error detection.

125 Mbt/s RZ ).=1.52788 pm
10'"

Isolatorun

Isolator '-u /LD 1

Coupler Active facet O WhVM

Optical bandpass -Error rate detector L0_ __ __-40

fitr-42 -40 -M6 4 -22 -20
Optica recelved power (dBm)

Figure 2. Wavelength conversion experiment Figure 4. Error rate characteristics of
setup wavelength-converted output
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4. Estimation of maximum number for cross- 5. Conclusion
connect channels

We conducted experiments on the applicabili-

The maximum number of cross-connect channels ty of WCLD to a wavelength-division photonic
after WCLD can be estimated based on the cross-connect system and estimated the
output level margin of WCLD. Assume that the maximum channel number for the system.
effective gain/loss at the MWSF and WSF Error-free operation of optical wavelength
after WCLD is 0 dB. The O/E receiving opti- conversion was confirmed at a data rate of
cal power penalty caused by interchannel 125 Mbit/s, and WCLD has proved to have
crosstalk at the filters is 1 dB, and excess functionality for making high-throughput
loss of an optical star coupler is 0.5 dB. cross-connect nodes a reality.
Fig. 5 shows the maximum channel number
estimation based on the above assumption. Acknoledgments
For the 16 dB of the output level margin in
the experiment, 5 channels can be connected The authors wish to thank Dr. H. Takanashi,
after WCLD at each switching board. The Dr. T. Sakurai, Dr. S. Yamakoshi, and T.
total channel number in the system can then Touge for supporting their work.
be estimated to be 53=125 under 5-wavelength
mutiplexing. When WSFs show a gain with a
DFB-LD type active filter[3], the cross- References
connect channel number increases. Suppose
the effective(fiber-to-fiber) gain of WSF is 1. N. Fujimoto, H. Rokugawa, K. Yama-
10 dB. The wavelength number m then becomes guchi, and T. Nakagami, "Photonic cross-
15 and the total channel number 153ff3.375. connect node architecture utilizing

novel multiwavelength selective fil-
ters," in Proceedings of the 16th Euro-
pean Conference on Optical Communication

10 125 MbIl/s/ch WSF with (ECOC'90)(Asterdam, 1990), paperMWSF: Vs 10 d E g a in  U..
I0 go gain.3

18 gain 2. S. Yamakoshi. K. Kondo, M. Kuno, Y.
Kotaki, and H. Inai, "An optical-

3-7 - hwavelength conversion laser with tunable
1 dSglh range of 30 A." in Postdeadline Papers

of Optical Fiber Communication Confer-
ence(OFC'88), (1988), paper PDiO.

125 3. H. Nobuhara, H. Kobayashi, K. Wakao. and
E 0--- S. Yamakoshi, "High-speed DFB-LD wave-

nesuls length Filter," in Proceedings of the
116th European Conference on Optical

10 16 20 Coumunication(ECOC'90) (Amsterdam, 1990).

Output level margin (dB) paper TuB2.4.

Figure 5. Maximum channel number estimation
from output level margin
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secon-peakmmmsso pin. To achieve wide tumability,
Introduction sionof wavelengths except the transmissi

wavelength is important. When the second-peak
Wavelength division multiplexing of optical signals transmission gain can be suppressed, tuning can be

has attracted increasing interest in fiber communication extended over a second peak wavelength.
and photonic switching systems for the large amount of In this paper, we demonstrate a 1.55 jun-wavelength
signals that can be processed. Wavelength tunable filters active filter with a wavelength-tunability of mom than
are indispensable for the selection of multiplexed optical 4 nm using a X/4-shifted DFB structure. An
signals, with tunability one of the most significant 1.4-jim-composition tuning waveguide layer with
characteristics because this limits the number of signal independentcurrentinjection and a)4-shiftedcormgation
channels, with a large coupling coefficient were adopted. Structure,

DFB active filtrs have several advantages overpassive fabrication, and the characteristics of the filter are
filters. Their amplification exceeds 10 dB, and they have described.
a narrow transmission bandwidth below 0.1 nm when
biased just below the threshold. Electrical wavelength-
tunability exceeding I nm is achieved by using current
injection and a variety of waveguide structures.

The two major structures reported thus far for DFB
widely tunable active filters with different tuning (a) Phmae-eh-controlled DFD
mechanisms are shown in Fig. ActV la

In the phase-shift-controlledDFB1 structure in (a),a
tuning was done with effective change of the phase-shift
of corrugation with refractive index change by current- |
injection in the tuning layer of the center region [ 11. The
transmission spectrum changes its shape in the stopband I i
region as shown schematically in the figure. A 0.95 mn -
tunability has been reported[ 1]. This electrical tunability Ting -yer *l h
is limited by the stopband width, however, and a large
improvement is not expected. In the same way, a two- (b) Tuable twin-lda (TTO) DUB
section Fabry-Perot filter[2] with 1.5 nm tunability has Ir l It
the limitation of its mode-spacing. 'o

In the tunable twin-guide-distributed feedback (TTG-
DFB) structure[31 in (b), the tuning layer is formed above F;-I
a conventional DFB laser structure. The currents to the ,
tuning and active layers can be independently injected "a A
into each region. Tuning is done by equivalent refractive- Aetelayer I
index changing by current-injection in the tuning layer.
The transmission spectrum shifts overits stopband without
changing shape. This structure is expected to provide Figure 1. Schematic structures of two tunable DFB active
wide tunability. A 1.35 ni tunability with TrG-DFB filters : (a) phase-shift-controlled DFB structure, and (b)
structures have been demonstrated[3]. The limitation of tunable twin-guide- (TrG-)DFB suncture
the tuning was due to the insufficient suppression of the
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WIN Layr Al.4 Pm
growth

-InP -BH

actn aye l~aP ,-n-nas

lP . nP Sn-nP
IlesPnnGaA

In. p;-InP substrate
tuning layer / /4-hilttsd corrugation Mesa

Electrode (tuning) etching

Figure 2. Schematic of the fabricated filter. Outer mesas Figure 3. Fabrication process of the filter. After these
are not shown for simplicity. process electrodes in Fig.3 was formed.

Structure of the Fabricated DFB Filter A buried heteromstcture was formed using two-step
LPE growth as in Ref. 4. This included n-InP, n-InGaAsP

Figure 2 is a schematic of the filter we fabricated. This etchi-stop, n-lnP, p-InP, and p-InGaAsP contact layers.
structure is basically similar to the TIO structure. The The active layer was about 1.2 pm wide.
structure consists of an independently current-injected Next, two-step mesa etching was done (not shown in
tuning waveguide layer and an active layer. The tuning Fig. 2 for simplicity). The first etch was selective and
and active layers are separated by an n-InP layer on a exposed the n-contact layer. The second etch was done
p-InP substrate. down to the substrate and diminished InP junction area to

We adopted two specific features to improve the decrease leakage current The first mesa was 18 Ipm wide
suppression of the sencond peak gain. One puts the and the second 38 pm wide.
independently current-injectedtuningwaveguide directly The electrodes as shown in Fig. 2 were then formed.
over the corrugation. This structure provides a large Facets were formed 300 im apart with cleavage. Both
coupling coefficient for wavelength selectivity as well as facets were then AR-coated.
a large optical confinement in the tuning layer for a wide
tuning range. Second, the )/4-shifted corugation enables Characteristics
us to obtain sufficient wavelength selectivity.

Weusedaburied herostuctureforopticalandcurrent Figure 4 shows the light output versus the active layer
confinement and developed buried-heterostructure current I at room temperature for several tuning layer
adapted for independent current injection. This is similar currents It.With no tuning current, the threshold current
to the flat-surface buried heterstruture (FBH) laser
structure[4]. To make the common n-type-electrode, the
embedding layers beside the active and tuning layers are
n-type. The key is the use of a quaternary etch-stop layer 4
between the n-InP layers. This structure enabled a flexible It=3
current blocking structure with a common electrode. __'."1 .mA 0 1 3

Fabrication

The fabrication process is shown in Fig.3. The structure
was formed by four-step liquid-phase epitaxy ([E). 2 Ila .

First, a p-nP buffer layer was grown oun a p+.InP
substrate. The A/4-shifted corrugation was formed about '
60nmdee Th7ne coupling coefficient was evaluated tobe
70-80 cm" by comparing experimental and calculated = 1
spontaneous-emission or transm=ssion sectra.C

Next, a 1.4-pu-composition InaAsP tuning layer, an 2
n-type InP separat'on layer, and a 1.55-pu-omposition
In~aAsP active layer were grown on the p-InP buffer
layer with the AJ4s4hfied corrugation. To increase the Active layer current, Is (mA)
wavelength tunability the 1.4-pm-compouition layer was
used to the tumin layor for a lg rfractive-index
change by the band-91ing effect The. tuning layer Figure 4. Light output versus active layer current Ia for
thickness, n-InP separation, and active layer were about several tuning layer currents It. Measurement was done
0.3 pm, 0.15 pm, and 0.15 pmn, respectively, at 20 C.
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Figure 5. Wavelength shift of the spontaneous emission1 0 1 2 3with tuningcurrent. The active layercurrent was kept 24 Tuning current, It (mA)

mA which is below threshold for all tuning current. Figure7. Transmissionpeakwavelength shift and second-

peak suppression ratio of the filter with tuning layer
was 25.4 mA. Lasing was achieved wh t t current. Active layercurrent were changed toobtain same
currents from -0. 1 mA to 3 mA. The device acts as an peak gain around each threshold current
active filter when biased just below the threshold current.
Tuning can be done in this tuning current region. The with a 20 mA injection.
threshold current increased with the tuning current due to Figure 6 shows the transmission gain spectrum of the
the increased optical loss in the tuning layer caused by fiterfortwodifferenttuninglayercurrentsl t.TEpolaized
injected carriers. At a tuning current of 3 mA, the increase light was injected. Open circles show the transmission
of the threshold current was enlarged, presumably due to gain with no tuning current. Solid circles show the gain
insufficient current confinement at a high bias current. with 1 mA of tunitng current.

In Fig. 5,wavelength shifts in the spontaneous emission With no tuning current, the active layer current was
mode peak with tuning current were plotted at a fixed 0 9 8 Ith. The transmission gain spectrum reflected the A/
active layer current of 24 mA which was below the 4 -shifted corrugation. The transmission peak occurred
thresholdforall conditions. A7.8-nm shiftcan be achieved almost at the center of its stopband. Transmission peak

wavelengths were around 1.5546 gm. The peak gain was
_ __15_12 dBandthe3 dB-bandwidth was 0.2 A.The suppression15 1 1 1 ratio was I IdB.

At a tuning current of I mA, 9.9 mA was added to the
10- active layer current to compensate for optical loss and to

0.2 A achieve the same peak gain achieved with no tuning
current. The peak wavelength shifted 2 nm. The

C 5- 1dB transmission gain spectrum shape was maintained similar
a . 1 rA tuning to that at no tuning current, as is expected with this deviceS: current structure.

0 , Nun Measurements were carried out for several tuning
*a Nu tunt layercurrentsinthesame wayasabove. InFig. 7,thepeak

C -5 wavelength and the suppression ratio of the second peak
.transmission gain are plotted as a function of tuning

current. 4.2 nm tuning was achieved with an injection
Ifrom -0.1 mA to 3 mA. This tuning width is, to our

knowledge, the largest reported for active filters. The
4 wide tuning width was attuned with large suppression of
SO-15 the second peak gain with the )4-shifted corrugation and

1.55 1.552 1.554 1.556 1.558 a large coupling coefficient as well as a large change of
Wavelength (p) refractive index in the tuning layer Xffl.4 pm). The

suppression of the second peak was keptnearly constant
at more than 11 dB.

Figure 6. Measured transmission gain spectrum of the The limitation of the tuning width of the fabricated
fabricated filter at no tuning layer current and I mA. filter was the increase in threshold current with theincrease of optical loss caused by current injection in the



Photonc SwitchV 143

30 I hsuppression ratio more than 20 dB is expected from the
I=300 pm calculation. Further investigation of the discrepancy of
08th- the measured filter will improve the suppression.

Conclusion

* 0-We have developed aX/4-shiftedDFB active filter with
an independent current-injected tuning waveguide. We

a showed this structure to be suited to tunable filters with a
wide wavelength tunability of 4.2 rm, no change in the

10 - Calculation ratio.
- Calclationgain spectrum shape, and a large anticipated suppresion

."* Experiments with
= • coventional DFh
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Abstract with too high input powers [71. The latter causes severe
problems at high bit rates.

Wavelength switching, two-channel experiments with Here we report on the successful operation of a
Distributed Bragg Reflector (DBR)laser filters are three-section DBR laser as a reflection filter, in

rtned, with bit error rate = i0' with -25 dBm input two-channel experiments with bitrates of 140 Mb/s, 600
pow at 1 Gb/s. Mb/s and 1 Gb/s. Our results represent, to the best of our

knowledge, the first two-channel system experiments
with DBR laser filters (previous multi-channel system

1, IJnzocion experiments have used DFB lasers [31, [81) and the first
bit error rate measurements with active DBR filters at

To fully exploit the advantages of optics for switching gigabit/second bitrate. One of the main reasons to use
applications, the wavelength dimension should be uti- DBR lasers rather than DFB lasers is that a larger total
ised. An optimum photonic switching architecture tmjngrge can be achieved [91, and hence more chan-

probably combines optical space and wavelength nels
switching with electronic time switching. Tunable
emitters and tunable optical filters are key devices for 2. 11mentaI setup and filter characteristics
developing such systems. A category of devices that are
particularly interesting is the one comprising tunable laser The experimental setup is schematically shown in Fig. 1.
diodes, that can be operated either as emitters (when The Dx er wstup is sctioal stoin dice
biased above the oscillation threshold) or as narrowband The DBR filter was a three-section, but-joined device
filters (biased below the threshold). Filtering has previ- [101, with a 520 pm long Bragg section, a 100 lpm phase
ously been demonstrated in tunable two-section Fabry- section and a 190 pm long active section. The bandgap
Perot lasers [1], in tunable multi-section DFB lasers [21, wavelength of the passive sections is 1.30 pm and that of
[3), [4] and in tmble two-section [5] and three-section the active section 1.55 pm. The total tuning range was 5
[61 DBR lasers. nm, and the single-current (i.e. with the phase and Bragg

Attractive features of such devices are 1) the simul- section electrically connected) continuous tuning range
taneous filtering andamplification function, 2) the narrow 17 rn. The lasing wavelength was 1.53 pm. Two other,
filter bandwidth making them ideal for High Density
Wavelength Division Multiplexing (HDWDM), 3) t similar DBR lasers were used as emitters. One was
possibility to electrically detect the bit-stream in the externally intensity modulated at the frequency fl, the
selected wavelength channel by measuring the change in other was directly intensity modulated at the frequency
quasi-Fermi levels over the active section, 4) the option f. Light was coupled into the active section of the filter
to use them as FSK to ASK demodulators in wide-de- with a tapered fibre lens. The coupling efficiency was
viation FSK systems, due to the intrinsic narrow band- estimated to be - 8 dB. Polarisation maintaining fibres
width ofseveral GHz, 5) fastelectrical wavelength tuming. were used throughout, and care was taken to align the
The multi-functional properties gives them an advantage polarisation of the different devices.
over other types of filters, allowing a smaller total number
of devices to be deployed. One should, however, also First the DBR filter was characerised with respect to
mention some problems: Temperature and current its bandwidth as a function of iniected current into the
stabilisation is required, the active filters add noise to the active section. This was done by using one of the DBR-
signal, they are polarisation dependent and they show a emitters as frequency tunable light source, careful cali-
nonlinear behaviour due to gain saturation when operated bration of frequency change versus tuning current, a
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MeasuremntnREC ERe

. Power

DBR~~~ ISPODerVG~

- Bit pattern and BER

Figure Exeimental setup. ISOL = optical isolator, MOD = lithiumw niobate Mach-Zender amplitude modulator. REC
= yrdPINIFETf module. Lasers were temperature stabilised to within +I- 0.03 K, and current stabi/Ii ed to within +I-

0.05 mA.

chopper inserted in the beam path and by using the filter 4. High-speed system eiperiments (600 Mb/s atud 1
in its electrical detection mode ([41, [5]) and lock-in bs
detection technmique. The result is shown in Fig. 2. At high
biases and large input powers, the typical z ,c-i.ear F~or high-speed experiments an externlly modulated
behaviour, due to gain-saturation, is seen. DBR laser was used as source. To simulate the behavior

of a multi-channel system, the second laser was
3. Low-speed system exneriments (140 Mb/si direct-modulated at 100 Mb/s (a frequency chosen to

reduce the chirp, lso the bias conditions of this laser was
Initial experiments were done at 140 Mb/s. The directly chosen to minimize the chirp so that the band width of the
modulated DBR laser (f2 = 140 Mbjs) was used as signal perturbing channel was abut 5 GHz), operated at high
source, and the filter was electrically tuned to dhe signal, power (-20 dBm in the taee fibre) and used as a
Usinganoptiznised 140 Mb/s receiver,the minimum input frequency-tunable peruration channel. A 2.4 Gb/s
optical power to the DBR filter (by input power we optimised receiver was used.
understand the mean power level in the tapered fibre The filtering propertes were studied as function of
immediately before the DBR filter) to achieve a bit error signal input power and sepaaion between the signal and
rate (BER) of 10"  in the receiver after filtering, was -27 the perturbation channel. Received bit-patterns after the
d~m at F/Ii 0.97 - 0.98. flter were studied on an oscilloscope, and BER were

This waspoorer than expecte, but can be understood --- uencies wee chosen

by considering the chirping behaviour of the source so that they were not multiples of each other. Also the bit
DBR-iaser under direct modulation. The dynamic line- sequience lengths were different.-width was measured with a scannng r a Fig. 3 shows the BER charateristics for a 600 Mb/s

found to be 2-20 GHz, citically depending on exact signal, with and without perturbation. We see less than 2
biasing and current modulation depth. This large chiing, dli penalty due to cross-talk from the ptubing channel,
cau seby current leakage from the active to tuing at frequency separti e than 12-15 GHz. For

sections, occurs in spite of a large dark, zero-bias resis- smaller separation the BRdegraded rapidly. Forninstance, at 10GHz separation the cross-talk paty was9B.The behaviourwas similar ata signal bt frequency
spread out of the power into a frequency span much larger of n Gb/s. Fig. 4 shows the BER c e (ata bias
than the f'lter bandwidth, thus limiting the filterrresponse, of the filter I/I = 0.97) for the two cases with only the
and is a highly unwanted effect, signal and the signal plus the pert baeion (-20 dsm
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Figure 2. Filter bandwidth measured with -20 d~m (dashed) and -30 d~m (solid) input power, measured in fibre before
coupling. Line widths correspond to the low-power case.

_________________perturbation power). Once again. only small penalty is
0seen for channel seaato larger than 15 GHz, and the

C) Signal only BER degrades rpdyat channel separation smaller than
o 10 GHz.

0 Signal +pert. The insertion of the filter degraded the detector
I E-04 0 sensitivity, defined as the received total (signial + amnpli-o fled spontaneous emission, ASE) mean power level

0 required to achieve BER = 10 at 1 Gb/s. by
appoxiately 3 dB. However, subtracting the ASE part
frm0h total power reaching the receiver, the signal1 E-06 0 0sensitivity was equal to that of the senider/Ireceiver systemn
alone, withoutany active filser. We could thus not observe
any degradation due to beat-noise or signal distortion

8J introduced by the filter, in this experiment, within an
1E-08 0 i experimental accuracy of +/- I dB.

Fig. 5 shows the received signal when the DBR filter
Signal: 600 Mb/s was tuned to the I Gb/s signal source, in the presence of

1E1)24 b~ts, NRZ 8 [3 the perturbing channel at a 15 GHz distance firomn the
IE10Paut.: 100 Mb/a 0 sipl Changing the tuning current of the filter (and

32 blts,NRZ sghtly modifying the active current to maintain the same
15 GlHz detun, 0/~ th perturbing channel could be filtered and detected

I-21-20 dBmn instead, Fig. 6.

-34 -32 .30 -28 -26 19111191111
Input power in fiber (dBmn) Successful operation of DBR active filters at I Gb/s is

Figure 3. DER in 600 Mb/s experiment, reported. The experimental conditions used, with a strong
perturbation channel which simulates cross-talk from
several neighbouring channels in a multi-channel
experiment, indicate that it shiould be possible to operate
the device with at least 5 -10 wavelength channels, each
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0 Signal only
0

1E-04 0 0 [ Signal+ pert.

0
0

1 E-06
0

wU 0

1 E-08 Signal: 1 Gb/s
24 bits, NRZ 0

0
Pert.: 100 Mb/s

1E-10 32 bits, NRZ FigureS5. Received bit pattern when the filter was tuned

15 GHz detun. 0to the 1 Gb/s signal.
-20 dBm

IE-12 -- . I I__ __

-30 -28 -26 -24 -22

Input power in fiber (dBmn)

Figure 4. BER in 1 Gb/s experiment.

at 1 Gb/s or more. We foresee that future devices, with 1)
better cross-talk through reduced coupling coefficient in
the Bragg grating section and with both mirrors being
Bragg-reflectors (to reduce residual Fabry-Perot side-
modes) and operation in transmission rather than in
reflection, 2) larger tuning range through improved
design, smaller material bandgap and inclusion of quan-
turn wells in the passive sections, will be able to sustain
a larger number of channels.

Figure&6 Filter tuned to the 100Mb/s perturbing channel.
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Frequency Conversion by Four-Wave Mixing in MIN4 ~Semiconductor Laser Amplifiers: How to Relax
the Filter Problem?
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IL G. Weber
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In Ref.1 an all optical frequency conversion meth-
od was reported, which is based on nearly degener-
ate four-wave mixing (NDFWM) and homogeneous Signal S PC1
gain saturation in semiconductor laser amplifiers X

(SLA). This method promises a frequency conver- ".j X"

sion range up to about 10 THz (depending on the I

gain bandwidth of the SLA), a conversion efficiency
7 of more than 0 dB, the frequency conversion of
a given data signal simultaneously to several fre- Ps.,, = -30 dBm '-PC, = -27

Pp ,= -27 (Dm -4-
quencies and finally data transparency. However, it = -18 dan-- m
restricts the bit rate to < 1 Gbit/s. In two exper- PC. i 1 C

iments a successful operation of this method was
demonstrated [2, 3]. A disadvantage of this fre-
quency conversion method are the severe require- Fig. 1: Schematic representation of the frequency

ments on the resolution of the optical filter, which is converter. The converted data signal P,1 is selected

necessary to select the converted data signal out of by the tunable optical filter TOF. The indicated

a multicomponent spectrum generated at the out- light powers correspond to an experiment.

put of the SLA. In this paper we investigate how
to relax the requirements on the selectivity of the components with the optical powers P1, P 2 , P 3 and
optical filter. P4 . As the carrier density modulation affects the

entire gain spectrum of the SLA, frequency con-
The principal arrangement of the considered fre- version to any frequency f (wavelength A) within

quency conversion method is shown in Figs. 1, 2. the entire gain spectrum is achieved by means of
Three optical waves, the signal wave (input power the injected converter wave. The frequency spac-
P,.in, output power Pa, frequency fa), the pump ing between the converter wave and the pump or
wave (Pp,,Pp, fp) and the converter wave (P,, P,, signal wave, respectively, (If, - fpI > 10 GHz) is
fc), are coupled via optical fibers and fiber couplers in general sufficiently large to avoid NDFWM be-
into a SLA. The signal wave and the pump wave tween the convfcter wave and the two other injected
have a frequency spacing Af, = Ifp - fJ and cause waves. The output spectral components Pcx and P,2
carrier density modulation at the beat frequencies in Fig. 2 represent frequency converted (wavelength
Af. and multiples of Af,. The refractive index shifted) replica of the input signal. The frequency
change associated with this carrier density modu- components Pa and Pa4 have a more complicated
lation generates new spectral components around structure [4]. With a tunable optical filter (Figs.
the pump and signal wave. Fig. 2 shows schemat- 1, 2) the converted signal Pq is selected out of the
ically the most adjacent and in general strongest total output spectrum.
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F-"1
P3 , f P2 P4 P, PC

fs fp fc op0ca
Fmreucy

Fig. 2: Schematic spectrum at the amplifier output. A f, is the frequency spacing
between the signal and pump wave.

The requirements on the filter selectivity are sion eiciency 77 = Pci/P,,, the converted signal
tremendous. The frequency spacing A f, between power PcI is in general 20 or 30 dB smaller than
the converted signal wave PI (the center frequency the output power P, of the converter wave. Figs.
of PcI) and the two adjacent frequency components 3 and 4 depict an example of calculations with the
P, and Pa is restricted by the efficiency of ND- operation condition described in the figure caption.
FWM to A f, <5 1 GHz [5). As realistic optical il- The realization of a useful frequency, converter im-
ters exhibit a limited selectivity only it is necessary plies therefore to optimize the ratios 77 = PI/P,i, ,
to increase the ratios PI/P, and PI/Pc3. Operat- PI/P., and PIlPa simultaneously.

ii~g the frequency converter with maximum conver-
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-P 11,M
-130-! 1 T (dB 130
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Figs. Fi 2: Schea icsctratle the amlfe ou/Put. adP.P is the frqunc s.paing

The equreet on, thae iter saelectity aroinefcinyf the converterad signalwaersptily

P~ ad P~ishestricutdn byrte eficie ofo ND-s opeion ondtondseresn h igrapin

to increase th ratio P~ad~m P P. P erat=-6 d ~ /~ n ~ 1  imlaeosy
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Figs. 3, 4: Contour lines of constant values j7 = c /,i and PI /P, in the A,, A,-plane,
where A,, A. are the wavelengths of the converter and signal wave, respectively.
The calculations are performed for the set of input powers:
Ps,,,, -30 dBm, Pp,,,, = PC,,n = -6 dBm.
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The refractive index change associated with the
carrier density modulation in the SLA is larger in its

1310 -real part than in its imaginary part. Consequently
the generation of PI is primarily an effect of angle
modulation of the converter wave at the beat fre-

'300 quency Af0. The ratios Pc1/Pc and Pc:/P,3 can be
12 34 5 8 7 8 9 10modified by the modulation index. A larger modu-

lation index is obtained by an increase of the input
I20 - powers until P, and P, reach the saturation outputOt Ipower [4, 61.1/ i B) As Figs. 5, 6 and 7 show, calculations revealed

120 / that the optical input powers P,, Pp,,, and Pci
-- can be chosen appropriately, that firstly the con-

p U version efficiency 77 is larger than 0 dB and secondly
the frequency components adjacent to the frequency
converted data signal PcI are smaller or at least
comparable with P.1 over a sufficiently large range

1270 1280 1290 1300 1310 of A,,Ac-values.
engt c This relaxes the requirements on the selectivity

Fig. 5: Calculated contour lines for the conver- of the optical filter. However, it is not a satisfy-

sion efficiency il in the A0, A-plane for the injected ing solution for the filter problem. Such a solutionpowers P0 = Pj~~ ,, = -6 dBm and for = -8 dBm seems only be possible by an appropriate increase
of the frequency spacing Af0, which is restricted by
the carrier lifetime in the SLA.

1310 1310

1300 1 -(dB) 1300 PC
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1290 4 /Ig290
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. 3

/1280 6
.7 _ 121

1270 91270
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Fig. 6, 7: Calculated contour lines for the power ratios PcI/Pc and Pci/Pe3 in the Ac, A,-plane.

The injected light powers are the same as in Fig. 5.
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Photonic Time-Multiplezed Permutation --Switching Using the Dilated Slipped Bunyan
Network I-

- Richard A. Thompon

Telecommunications Program University ofPilirgh&
Pfburgk Pennsylvania 15260

Abstract Recuraive Construction

A modification of the classical banyan switching A DSB(N) has N inputs, N outputs, and order g,
network architecture is called the dilated slipped where N = 2'. A DSB(1) is built from a single 2-
banyan. This architecture is recursive and by-2 switch. Its only input connects to this
switching networks of any size perform switch's upper left port and its only output to the
permutation switching under a simple switching upper right port. The switch's lower ports on

rule. They also ezhibit column-control and each edge are not used. A DSB(N) is constructed

dilation, properties that are particularly relevant recursively from a DSB(N/2). A DSB(N) consists

to guided-wave and free-space photonic of three interconnected subnetworks: a

technologies. A photonic switching network, with distribution stage at the left and DSB(N/2)
this dilated slipped banyan architecture, is subnetworks at the upper right and lower right.

proposed as the hub of an all-optical active-star The N/2 outputs of each DSB(N/2) subnetwork

local-area network. are identically the N outputs of the overall
DSB(N). The distribution stage has one column

Introduction with N switches, and the N inputs to the overall
DSB(N) connect to the upper left port of each

A new switching network architecture, called the switch in this distribution stage. The lower left

Dilated Slipped Banyan Network (DSB), is ports on each switch in this distribution stage are

proposed for the hub of a photonic active-star not connected to inputs but are used in the

Local Area Network (LAN). A lithium niobate recursion.
implementation of a classical 4-by-4 banyan For n = 0 to N/2-1, the n-th and (N/2 +

architecture was proposed(iI for bit-interleaved n)-th switches in the distribution stage connect to

time-multiplexing. The DSB has properties, the n-th switch in the leftmost column of the

described herein, that make it more general in upper right and lower right DSB(N/2)
size and more amenable to lithium niobate subnetworks. Upper ports on these switches

implementation than the classical banyan. connect straight across and lower ports connect in

Furthermore, since the active-star LAN criss-cross. This slipped inter-stage connection

application could use a word-interleaved data pattern has more cross-overs than the classical

format instead of a bit-interleaved format, the banyan. Figure 1 illustrates the recursion and

hub switch need not be bit-synchronous with the slipped inter-stage connection in a DSB(8).

data.
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lithium niobate because the switches exhibit high
cross-talk, dilation is even more important in a
DSB, because crosstalk is exacerbated by

2 column-control and by the extra column of
switches.

Consider paths to follow one of two rails
through a DSB, depending on whether a path
exits a switch from its upper or lower output. In

7 a DSB, a path changes rails only in a switch in
the crossed state. Since network inputs and

Figure 1. 8-by-8 Dilated Slipped Banyan Network outputs are connected to upper ports on both
edges of the network, all paths must begin and
end on upper rails. Thus, paths may only change

Construction from elementary 2-by-2 rails an even number of times. If a binary ONE
switches suggests lithium niobate technology. A in the control word places all the switches in a
high degree of integration is expected, but a column into the crossed state, then every control
design has not yet been attempted. The DSB(N) word for a column-controlled DSB must exhibit
is seen to be N switches high and g + i columns even ones parity. Of the 2N possible control
deep. Since inputs and outputs connect to both words for a column-controlled DSB(N), only those
ports on the edges of the classical banyan N with even parity are useful.
network, the classical banyan is N/2 switches high
and g columns deep. The benefits of the DSB are Configurations and Control

felt to be worth these modest penalties. F&ch of these N useful configurations of a

Column-Control and Dilation column-controlled DSB(N) provides paths for N
simultaneous one-to-one input-output

Consider the configurations of any rectangular connections. The resulting N2 paths cover the N'
network in which all the switches in the same combinations of N inputs to N outputs. Thus,
column are always in the same state. The any given input and output are connected
parallel electronic signal that controls the together in exactly one of these N configurations.
network is simplified from one signal per switch While most circuit-switched applications allow
to one signal per column. This column-contro 21  blocking for concentration between network
restricts a DSB to only 2" =" 2N different specific terminals and network resources, internal
configurations. Not only are these shown to be network architectures are usually either non-
sufficient, only half of them will be used. blocking[4I 151 or have a load-dependent, low

A network configuration is dilate if no probability of blocking. While permutation
internal switch is used simultaneously by more networks are typically inadequate for such general
than one path through the network in any legal applications, a special circuit-switched application
configuration. Every path through a dilated is presented where only this full accessibility is
configuration is immune to first-order crosstalk at required.
the switches. Every configuration of a column- Each row in Figure 2 corresponds to one of
controlled DSB is dilated, the eight configurations of a DSB(8). The first

Column-control and dilation are significant column is the number T of a configuration and
to lithium niobate technology. Besides reducing the next-to-last column is-the control code that
the complexity of the binary control-word and places the DSB(8) into its T-th configuration. If
the number of drivers needed to operate the DSB, the entry in row T and column I of the table is J,
column-control reduces the interface pins on the then some path in configuration T connects input
chip and simplifies the internal connection to the I to output J. For example, input 4 connects to
switches' electrodes. However, the ability to output 5 in configuration 1. Control code 0011
adjust individual control voltages for each switch effects this connection (and seven others with it)
in a column is lost. The resulting penalty is on Figure 1 by placing the eight switches in each
higher crosstalk per switch than with individual of the first two columns into the bar state and the
switch-control. While dilation is important to eight switches in each of the last two columns
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config. input control perm-
T 0 1 2 3 4 5 6 7 code utation

0 0 1 2 3 4 5 6 7 0000 (0)(1)(2)(3X4)(5)(6)(7)
1 1 0 3 2 5 4 7 8 0011 (01)(23)(45)(67)
2 2 3 0 1 6 7 4 5 0110 (02)(13)(46)(57)
3 3 2 1 0 7 6 5 4 0101 (03)(12)(47)(56)
4 4 5 6 7 0 1 2 3 1100 (04)(15)(26)(37)
5 5 4 7 6 1 0 3 2 1111 (05)(14)(27)(36)
6 6 7 4 5 2 3 0 1 1010 (06)(17)(24)(35)
7 7 6 5 4 3 2 1 0 1001 (07)(16)(25)(34)

Figure 2. Configuration Schedule and Control for N=8

into the crossed state. In configuration 0, every
input is connected to the output with same Time-Multiplexed Active Star LAN
number, by placing all switches into the bar state. In a star architecture, a LAN's terminals are

The control-code that places a DSB(N) placed at the ends of the arms and the hub
into configuration T is the g-bit Gray Code for contains some common resource, like a passive
integer T, concatenated with an even-parity bit bus or coupler or an active switching network. In
at the low-order end. The numbering rule for a half-duplex star LAN, the I-th terminal has an
configurations is such that B(J) = B(T) ezor B(I). up-link that connects its transmitter to the hub's
Here B(K) is the binary code for integer K and I-th input and a down-link that connects the
ezor is the bit-wise exclusive-or function. This hub's I-th output to its receiver. In an active star
numbering rule identifies the output J to which LAN that serves N terminals, the hub contains an
input I is connected in configuration T. N-by-N switching network that simultaneously
Rewriting the numbering rule as connects the up-links to the down-links in
B(T) = B(1) ezor B(J), identifies the configuration different configurations.
T in which input I is connected to output J. Let a time-multiplexed DSB(N) be used at

Rewriting the numbering rule as this hub and let all the terminals be synchronized
B(T) = B(J) exor B(I), if input I is connected to to its time-slot clock, not necessarily to a common
output J in configuration T, then input J is bit block. If terminal I must transmit to terminal
simultaneously connected to output L Each J, I holds this data until time-slot T, where
configuration of a column-controlled DSB B(T) = B(!) ezor B(J), and then transmits on its
corresponds to a permutation of its port numbers. up-link. Only J will receive it. If I
These N permutations are the identity simultaneously receives on its down-link, it knows
permutation, T=O, and N-1 pair-wise the data came from J. There is no contention in
permutations. The permutations corresponding the LAN.
to each configuration are tabulated in the Consider a LAN with 16 terminals. Let
notation of permutation cycles in the rightmost the link data rate be 1.7 Gbps and let each time-
column of Figure 2. slot contain 1024 bits of data and an 80 ns guard

Let a DSB(N) reconfigure in time- band that is free of data. Then, the duration of
multiplexed fashion by sequencing through its N a time-slot is 1024 / 1.7 + 80 = 882 nsee. If the
configurations, in numerical order, in N identity configuration is skipped in the time-
consecutive time-slots. Let it repeat this sequence multiplexed schedule of configurations, the
of configurations, cyclicly, every frame. Since duration of a frame is .682 x 15 = 10.2 eec. The
consecutive Gray Code-words are binary adjacent, frame rate is the inverse, 98 K frame/see. Since
only one bit changes from one time-slot to the each terminal may transmit 1024 bits to every
next. Since the parity-bit must also change, two other terminal once per frame, the effective data
bits in the control word change state from one rate between every pair of terminals is
time-slot to the next. The right column of a DSB 1.024 x 98 = 100 Mbp. This LAN is functionally
changes state in every time-slot, the next column equivalent to a fully-connected network, that
in every other time-slot, etc.16) would have 240 links, each at 100 Mbps. The gross
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LAN throughput is 24 Gbpa, with no loss of Optical Network Using a High-Speed Time-
efficiency from multi-hopping, as in a ring Multiplexed Ti:LiNbO? Switch, Opt Fiber
architecture. Comm Conf, Feb 1989.

Conclusion 2. K. E. Batcher, The Multi-dimensional
Access in Staran, IEEE Transactions on

The Dilated Slipped Banyan Network has been coes, Special I sue on Pl

described and its demonstrated properties are Pocessing, pp 747,eruaryr1977.

seen to match well with an implementation in

lithium niobate and an application as the time- 3. K. Padmanabhan and A. N. Netravali,
multiplexed hub of an active-star LAN. It is Dilated Networks for Photonic Switching,
proposed that the LAN's transmitters, receivers, OSA Top Mtg on Photonic Switching,
up-links, and down-links be implemented in March 1987; also IEEE TComm, Dec 1987.
single-mode photonics technology and that the
central switch be specifically implemented in 4. 1. A. Thompson, R. V. Anderson, J. V.
lithium niobate. The bit-rate could be high, Camlet, and P. P. Giordano, An
limited only by the transmitters and receivers, Experiment- Modular Switching System
and easily changed as the technology advances, with a Time-Multiplexed Photonie Center-whand ifhenears. Stage, OSA Top Mtg on Photonic
when and if the need arises. Sicig ac 99Switching, March 1Q89.
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Broadband Computer Network Based on -
Optical Subearrier Muipleing N

Richard L S. Bates and Anujan Vana

Thomasi. Wan Research Center, LBM Research Diviuon,
P.O. Box 704, Yorktown Heights, New York 10598

Abstract in the electronic domain. A variety of modulation
techniques such as PSK, FSK, or ASK can be em-

A low-cost multichannel optical network testbed is ployed here. The modulated subcarrier in turn mod-

described based on optical subcarrier multiplexing ulates a laser transmitter by intensity-modulation.

with low-coherence self-pulsating laser diodes and The star coupler superimposes the individual sub-

multimode fiber links. The testbed uses commer- carrier signals and broadcasts them to the receivers.

cially available 790nm self-pulsating laser diodes The detector in each station receives all the subcar-

(SP-LDs), multimode fiber, and GaAs OEIC single- rier channels. One of the channels can be separated

chip receivers. The choice of these components virtu- from this composite signal by mixing with a local

ally eliminates the laser beat-noise and modal noise oscillator which is tuned to the frequency of the sub-

and thereby makes the implementation practical. carrier used to modulate the original signal. The

Potential applications of the network include work- demodulated signal is then amplified and detected

station clusters, multiprocessor interconnection, and to yield the original data.

switch emulation. SCM has several merits as compared to other op-

tical multiple-access methods. There is no need to

1. Introduction control the transmitting wavelengths of the lasers as
in wavelength-division multiplexing (WDM). Tuning

An optical passive-star network consists of a num- is performed in the electronic domain which is faster

ber of stations interconnected in a star topology by and less expensive as compared to optical tuning re-

means of a central passive optical coupler. These quired in a WDM network. There is no central net-

networks offer a reliable and inexpensive means for work clock operating at the aggregate speed and the

implementation of local-area and room-area net- channels are asynchronous and independent; this re-

works, multiprocessor interconnection networks, 1/0 sults in high availability and reliability.

buses, and workstation clusters. Optical subcarrier Although the application of subcarrier multiplex-

multiplexing (SCM) provides a means to divide the ing to multiple-access networks (N to N) has been

aggregate bandwidth of the optical medium in an suggested by Darcie [1], subsequent studies have

optical passive-star network into multiple protocol- been restricted to its use for broadcast CATV distri-

independent channels, each offering a fraction of the bution (1 to N) [23. The latter systems use longwave

aggregate bandwidth. A network testbed to evalu- (1300nm or 1550nm) optoelectronics and single-

ate the SCM technology and its likely applications mode fiber technology. The high cost of the opto-

to computer-system interconnection are the subject electronic components (typically Indium-Phosphide

of this paper. devices) associated with such an implementation rel-

The basic concepts of optical subcarrier multiplex- ative to a shortwave (Gallium-Arsenide devices) im-

ing are described in [1). On the transmitter side, the plementation makes it unattractive for computer in-

data in each channel modulates a subcarrier signal terconnection and networking applications. Even the
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Figure 1: Functional block diagram of the SCM testbed.

feasibility of such an implementation in a multiple- nels was chosen to be equal to the number of sta-
access (N to N) application is in doubt because of tions, so that each station may be assigned a dis-
the problems of laser beat-noise [3) and modal noise. tinct receiving channel. This choice was made only

In this paper, we describe the construction and for simplicity and convenience; in practice, a num-
operation of a broadband network testbed based ber of stations can be made to share each receiving
on SCM. The testbed uses commercially available channel. The maximum number of stations on a sin-
790nm self-pulsating laser diodes (SP-LDs), multi- gle coupler is limited by the power-budget and noise
mode fiber, and GaAs OEIC single-chip receivers. constraints. With the technologies used, we estimate
In addition to the low cost of these components, this the limit to be in the range of 16 to 32 stations with
choice virtually eliminates the laser beat-noise and 100-meter links. Larger networks can be constructed
modal noise and thereby makes the implementation by the use of bridges.
practical. 2.1. Network Interface

The motivation for designing this testbed is two- Figure 1 illustrates the functional blocks associated
fold. The first is to study the feasibility of the tech- with the physical interface of each station. Each sta-
nology in a multiple-access environment. The second tion has a data receiver that is set to receive a dis-
is to investigate possible applications of such a high- tinct channel. The station receives all its data on
speed multichannel network in computer-system in- this channel. The station is provided with a trans-
terconnection and networking. The technology char- mitter that can be tuned quickly to any of the five
acteristics of the testbed are described in [4]. This channels. The transmitting channel is selected based
article will concentrate on the system-design and ap- on the destination of each packet. A secondary re-
plications of the testbed. ceiver is provided to monitor the transmitting chan-

2. System Description nel. This enables the station to check if the channel
selected for transmission is busy prior to transmis-

The SCM network testbed consists of five stations sion of data, as well as to detect collisions after the
connected to a central optical passive star-coupler transmission starts.
by means of duplex fiber-links. The aggregate band- Each station has one laser diode and one pho-
width of the network is divided into a number of todetector. On the transmitter side, a local oscil-
channels of equal bandwidth. The number of chan- lator generates the subcarrier used to modulate the
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data to be transmitted. The frequency of the sub- hub. The detectors used are integrated GaAs IMSM
carrier determines the channel in which the data is detector/preamplifier devices.
transmitted. The local oscillator output is passed 2.3. Medium-Access Protocol
through a programmable divider before modulating The SCM testbed allows a number of differ-
the data signal; the programmable divider allows ent medium-access protocols to be investigated.
the frequency of the modulating carrier to be var- Broadly, there are two ways in which the multiple
ied, thereby accomplishing channel-selection. channels could be used: (i) one of the channels may

A photodetector receives the composite optical be used as a control channel through which accesses
signal and converts it to a broadband electrical to the remaining channels are scheduled, or (ii) each
signal. This signal is then fed to the data- and of the channels may be used independently with
secondary-receiver subsystems. Each of these re- its own medium-access protocol. We have chosen
ceivers then extract one of the channels indepen- the latter because of its flexibility in configuring the
dently by combining the composite signal with a lo- channels. In our first experiments, we intend to oper-
cally generated signal at the carrier frequency of the ate each channel independently with the CSMA/CD
desired channel. Because the secondary receiver is protocol. In this case, if a station P wants to send a
used to monitor the transmitting channel, its local- message to another station Q, P first tunes its trans-
oscillator frequency is the same as that of the sig- mitter to the receiving channel of node Q. This au-
nal used to modulate the transmitter. Therefore, a tomatically tunes P's secondary receiver to the same
separate local-oscillator is not required. When the channel. If a transmission is detected by the sec-
transmitting channel is changed by means of the ondary receiver, P waits till the channel is idle. P
programmable divider, the secondary receiver sim- transmits its packet when the channel is idle. A retry
ply follows the transmitter. The output of the mixer is performed in the event of a collision. Many vari-
is passed through a low-pass filter to isolate the se- ants of CSMA/CD have been developed to minimize
lected channel from other signals. Data from the the probability of collisions and these are applicable
channel is then extracted by a detector. The detec- to our system.
tor output is used to check for the presence of energy For high-speed networks, the above protocol gen-
due to other transmissions in the channel prior to erally works better than a baseband CSMA/CD pro-
transmission as well as for collisions during a trans- tocol on the network with a single channel operat-
mission. ing at the aggregate bandwidth. This is because,

The data receiver consists of a mixer and low-pass in CSMA/CD, the effective channel capacity de-
filter to extract the desired channel as in the case creases when the ratio of the propagation-time in the
of the secondary receiver. An independent local- link to the packet-transmission time is increased 15].
oscillator is used in this case to select the received Our method divides the high-bandwidth channel into
channel. A fixed oscillator is used in our testbed many lower-bandwidth channels thereby improving
because of the static assignment of stations to re- the total capacity.
ceiving channels. Dynamic assignment can be al- The efficiency of the protocol depends to a large
lowed by passing the local-oscillator output through extent on how fast the transmitters and receivers can
a programmable divider. The output of the mixer is be tuned to a channel. Because the transmitter and
passed through a low-pass filter and detector. The receiver sections in the testbed work on the same
detector output constitutes the received-data from principle, the tuning delays are of the same order.
which the receiver-clock can be extracted. In our system, the selection can be accomplished in

2.2. Technology approximately 100 subcarrier cycles (500 ns for a 200

Our implementation uses short-coherence self- Mb/s channel).

pulsating lasers operating at 790nm wavelength. The 3. Applications
unmodulated self-pulsation frequency of the laser
is approximately 2.2 GHs. This limits the aggre- We intend to use the SCM testbed to investigate a
gate network-bandwidth available to approximately number of computer-system applications. These ap-
1 GHz. The bit-rate of each of the five channels plications are characterized by short distances (typ-
was therefore set at 200 Hz. The modulation scheme ically 100 meters or less, at most 1 kilometer), and
used is QPSK, allowing a raw transmission rate of the need for high bandwidth and low latency. The
200 Mb/s for each channel. The optical output of first application we intend to study is a peer-to-peer
each laser is coupled into a 50/125 pm multimode network cluster of high-performance workstations. A
fiber link. A fused-fiber star coupler was used at the typical duster in this case consists of a small number
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(say 16) of workstations cooperating on a distributed the cost of a central switch, and provides high relia-
application. The multichannel CSMA/CD protocol bility.
suits this application because of its inherent paral- References
lelism.

A second application for the technology is in in- 1. T. E. Darcie, "Subcarrier Multiplexing for
terconnecting a number of workstations to a central Multiple-Access Lightwave Networks," Journal
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nated as the communicating channel for a subset of Broadband Distribution," Journal of Lightwave
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Abstract one of a class of "hard wired" wavelength routed networks
which includes chain, ring and tree and branch networks

Network design, implementation and paths to exploiting [6].
optical fibre bandwidth are reviewed. Experimental net- d

work measurements on installed fibre are reported using.. 2 8

fibre amplifiers and optical switches. X3, b

b
Wavelength routing is a method of building a high capacity a
network infrastructure which exploits the inherently large d

transmission bandwidth of optical fibre [ 11. The networks C
use cross-connected wavelength division multiplexing b

elements, such as grating based devices 121, to access the WA

bandwidth and provide interconnections. Component loss WAVELENGTH
DEPENDENT

may be compensated for by using optical amplifiers such as CROSS-CONNECT
the erbium doped fibre amplifier 13].

In principle any logical transmission path may be set up Figure 1. Wavelength Routed Star Network.
over a given physical cable or fibre network; the path
being defined by virtue of the wavelength and the chosen If we consider the transmit node a; the three wavelengths
optical interconnect field. Indeed more complex reconfig- from this node are multiplexed and transmitted to the cen-
urable networks are possible using optical switches in the tral wavelength dependent cross-connect where they are
interconnect field. The key driving force behind these net- demultiplexed and re-multiplexed with channels from other
works is the increased capacity, at reduced cost made pos- input fibres. These are then transmitted to the receive nodes
sible by removing the need to install new cables and duct b, c, d with wavelength I going to node b, wavelength 2 to
routes which contribute a significant proportion of the node c and wavelength 3 to node d. The same wavelengths
installation costs of new systems [4). are used by transmit node b where now wavelength 1 is

The paper will outline the basic principles of wavelength transmitted to c, 2 to d and 3 to a. The wavelengths are
routing and discuss experimental network demonstrations reused in a similar fashion by the other nodes as shown.
in both the laboratory and field environment. If these net- The star network has the least number of lossy multiplex-
works are to be viable control, management and planning ing elements in any one transmission path. It is also the
issues must be addressed and the paper outlines some of most efficient in its utilisation of the wavelength domain
these issues. Finally, the extension of the principles to and requires only N - 1 wavelengths to fully interconnect an
reconfigurable networks will be described and an early N noded network compared with N(N - 1) wavelengths for a
experimental demonstration discussed using a 4 x 4 lithium passive star network formed using couplers at the central
niobate digital optical switch array 15]. cross-connect [7].

Waveleneth Routing Application areas
The topology of the wavelength routed star network maps

Wavelength Routing Principles in well into existing BT telecommunication networks.
Wavelength routing principles may be outlined with refer- Figure 2 shows the upper level of the optical fibre network
ence to a simple star network structure, figure 1. This is which interconnects the 10 main sector switching centres
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in London. The network comprises three star networks erbium fibre amplifier, were amplified and routed over
centred on each of the central switching centres. The outer 25kji output links. The output signal from the central
switching centres are then linked using a ring network; a wavelength dependent cross-connect was split using a 3dB
further ring network which interconnects the central coupler into two fibre amplifiers feeding the separate
switching centres is not shown, transmission paths; these paths were recombined at the

receiver using a second 3dB coupler. The optical path was
selected by pumping the appropriate amplifier. In this way
it was possible to provide both optical path protection and
compensation for optical component loss. In practice,
path failure would be sensed at the receiver and signalled to
the second amplifier over a separate control network. This
could be provided over the alternative route or by way of a
completely separate management network. This network
protection scheme does not, however, protect against
terminal equipment failure.

Field demonstrations
In addition to laboratory demonstrations we have carried
out a series of experiments on installed fibre cables in the

Figure 2. The London Optical Fibre Network. London Network. A range of routes were made available and
are shown in bold in figure 4.

This network of point to point optical fibre systems is are si

constructed using 96 fibre cables and carries a mix of 140
Mbit/s and 565 Mbit/s optical systems. I + I network pro-
tection is used with, for example, alternative radial routes WoodGreen HighamePark

being provided by a second radial link and a single section Nhord

of the ring.

Network demnonstrations

Laboratory Demonstrations
Initial studies were carried out in the laboratory. A number
of commercial six channel grating based wavelength divi-
sion multiplexers were purchased in the 1.5gtm operating M25 Orbital Motorway
window. These devices have a 12nm channel spacing in
the range 1.5gm to 1.56jim and a typical channel band-
width of 2.4nm. Early work included the demonstration of Figure 4. Field Demonstration Fibre Routes.
unamplified star networks with 50kin range [8,9]. This
range was extended to 90kn using a single stage of semi- These routes were centred upon the ]lfc. d sector switching
conductor optical amplification located in the demul- centre and included shorter local fibres for unamplified
tiplexed path at the central node. More recently a six wave- demonstrations. The M25 London orbital motorway is
length branching network , based upon a star network, has shown to give some idea of the extent of the network.
been demonstrated with optical path protection and route In these first demonstrations fibres radiating from the
diversity [10,11], figure 3. Ilford exchange were used. These were loop back spliced at

26 kin the remote exchanges to allow experimental star networks
Mto be constructed with terminal equipment located in a sin-

gle exchange location, figure 5. Terminal equipment was
12kmn constructed using commecially available grating based

W 7 wavelength division multiplexers, distributed feedback
Elasers and optical receivers. The receivers

.,--,:50 kn.-,

Figure 3. Six Wavelength Branching Network.

The lower wavelength channels were routed over short un- TRANSMIT WAVELENGTH RECEIVEDEPENDENT

amplified links; total link lengths up to 76km at 650 CROSS-CONNECT
Mbit/s were demonstrated. The high wavelength channels,
falling within the gain profile of the aluminium co-doped Figure 5. Experimental Demonstrator
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incorporated full timing recovery at 622Mbit/s. Three DFB commercially available electromechanical optical switch
based transmitters were built operating at 1.536, 1.548 and [12]. The switch was located in the "North Paddington"
1.560gm. These were colocated at one node. Three sepa- receive path of the amplified demonstration discussed
rate receive nodes were constructed . Low back reflection above. The alternative route was provided over a fibre pair
connecnirs were used to interface to the transmission loop back sliced at Eltham. The two possible routes had
fibres. transmission distances of 89km and 86kn respectively.

The output of the central node was split using a 3dB coupler
Unamplified Demonstration. The first demonstration was and transmitted over the two paths; the optical switch was
of an unamplified network. The Ilford North route was used located at the receive terminal. The primary route was the
for the transmit node with the receive nodes using the two North Paddington fibre pair with the secondary route, via
Highams Park fibre pairs and the Wood Green fibre pair. Eltham, being selected when the receive power fell below a
All routes operated with 1 in 109 error rates, or better, at preset level. The switch incorporated optical splitters and
622Mbit/s. Transmission distances of -22km were receivers to monitor optical power levels and processing
achieved with operating margins between 2 and 5 dB. electronics to activate the automatic switchover of the
Operation over the 42km Ilford North / Wood Green link optical paths. Results are summarised below:
was just possible with little margin. Results are sum-
marised below: Receive route Distance Sensitivity Margin

North Paddington 88.8 km -34.7 dBm 6 dB
Transmit Receive Eltham 85.6 km -34.6 dBm 3 dB
Wavelength Distance Sensitiviy Margin
Ilford North - Highams Park Optical Network Control and Management,
1.560 gm 21.9 km -34.8 dBm 5 dB O
Ilford North - Highams Park The introduction of optical amplification and optical path
1.548 gim 21.9 km -33.3 dBm 2 dB protection increases the complexity of optical nodes

3lford North -Wood Green within the optical network. As optical networks become
1.536 gtm 41.9 km -34.4 dBm 0dB more complex the need to control and monitor their status

becomes important. If optical networking is to become a
The ilford North - Wood Green system corresponds to a reality these issues must be addressed for both optical com-

transmission distance equivalent to the diameter of the ponents and optical transmission technolog -.s. Some
aspects of the relationships between the electronic and
optical control schemes will be addressed in the next para-

Amplified demonstration. These transmission distances graphs.
were extended using optical amplifiers at the central node. There is an increasing trend towards centralised network
Optical isolators were used on both the amplifier input and control and management. This is largely a software issue
output to prevent lasing instabilities arising from reflec- and will require large scale databases and other computer
tions. Isolators are essential for optical amplifiers in op- programs to gather network information, process this
erational networks. The North Paddington route was used information and to maintain information on the network
for the transmit node; an erbium doped fibre amplifier status. This immediately raises questions as to the amount
boosted the signal power into the central node. Using a of information involved and the speed of response to net-
second stage of optical amplification, immediately after work changes, for example in the event of a path failure.
the central node, a transmission distance of 89km with Undoubtedly there will be the need for a certain degree of
12dB operating margin was demonstrated for the 1.56gm local control and processing with the control and manage-
channel over the second North Paddington fibre pair. ment being organised in a layered fashion - each layer pass-
Transmission distances of 63km and 83km were achieved ing the minimum of information to the higher level.
with margins of 5dB and 1dB for the receivers using the Optics may provide the ability to automatically switch
Highams Park and Wood Green fibre pairs respectively, routes using optical sensing and in time optical self heal-
Both routes had only a single stage of optical ing networks may be possible allowing simplification of
amplification in the transmit side of the network. Results network managements and control software.
are summarised below: Network monitoring will be necessary to predict compo-

nent failure, for example pump laser degradation in an opti-
Transmit Receive cal amplifier, allowing programmed repair and mainte-
Wavelength Distance Sensitivity Margin nance. Additionally where an optical path has failed in a
North Paddington - North Paddington complex optical network (comprised of many sections of
1.560 pin 88.8 km -34.7 dBm 12 dB optical loss, network flexibility points and optical ampli-
North Paddington - Highams Park fiers) the ability to monitor the status of individual com-
1.548 gim 63.2 km -32.8 dBm 5 dB ponents and sections will be necessary. This will allow the
North Paddagton Wood Green fault to be localised enabling the working elements in the
1.536 gim 83.2 km -34.4 JBm I dB optical link to be returned to service.

The optical network will form an additional layer in exist-
The maximum demonstrated transmission distance of ing plesiochronous and future, synchronous and asyn-

-89km is approximately equivalent to twice the diameter of chronous. transmission systems 113, 141. The control of
the London iriwork. this optical layer will be provided over a separate network

carried on either the same fibre paths or a physically sepa-
Path Proftion. Optical path protection and route diver- rate network (15f. Network information may be concen-
sity was demonstrated for the 1.56pm channel using a trated and combined with control information from elec-
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tronic levels and functions. This information may be reconfigurable tunable multiplexing elements, wavelength
carried to a central network manager using the SDH hierar- converters and tunable sources and receivers.
chy [14] or another suitable transmission format.

It is likely that optical control functions, for example Reconfisgurable Network Demonstration
amplifier gain control, will be implemented using local
microprocessors and element managers. This will give As a first step in the demouatGun of these reconfiguiabie
individual optical elements, or groups of optical elements, network nodes we have extended our demonstrator to in-
a degree of autonomy and will allow remote programming clude a polarisation independent lithium niobate 4 x 4 digi-
and interrogation of optical elements. This ability to tal optical switch array from Ericsson [51, figure 7. This
download network control functions may be used to min- has been located in the 1.56ptm path and in this first
imise unwanted information flow in the control network, demonstration has been configured to demonstrate the con-
improving the response time and reducing the complexity cept of capacity switching [13].
of the higher level control systems. The use of micropro-
cessors to locally control optical elements will also enable
the control network to be implemented as and when the '
centralised management software is developed.

Flexible Networks

Network control and management is just one issue in the )2
move towards transparent optical networks. If these net- ME X
works are to be truly reconfigurable it will be necessary to 3
maintain signal levels within well defined limits.

Figure 6 shows a potential network building block. It
comprises a multiplexing element, an amplifier with isola-
tors on both the input and output, the transmission fibre, a
second stage of amplification, a demultiplexer and finally
an optical cross-point switch. If the element is to be cas-
cadable the input optical power must equal the output opti- )13
cal power.

Figure 7. Reconfigurable Network Demonstration.

Initial measurements have been made in the London optical
fibre network where we have demonstrated the switching of
a 622Mbit/s optical channel from a long haul route with a
total transmission distance of -84km to a local node colo-

Input power s Output power cated with the central node. Further experimental measure-
ments are in progress.

Figure 6. Basic Network Building Block.

Important parameters are the input signal power per
channel, the signal to noise ratio and the maximum allow- Using two stages of erbium doped optical fibre amplifiers
able multiplexed power in the transmission fibre deter- we have demonstrated wavelength routed optical networks
mined by laser eye safety limits and working practices, with -89km range with 12dB margin. This would enable
Parameters of concern for the amplifier are the such networks to serve an area equivalent to the area en-
gaincrosstalk, saturated output power and noise figure. closed by the M25 London orbital motorway with optical
Optical loss of the wavelength division multiplexing com- margins of -6dB. This takes in major business and finan-
ponents, the optical cross-point and their polarisation de- cial centres which generate -40% of the traffic carried by
pendent losses are important as is the loss of the fibre. the BT network.
Finally if dual window working or optical path protection Wavelength division multiplexing and wavelength routed
is required additional components, such as couplers and optical networks will allow the transmission network to
switches, will be necessary. expand to meet the growing and changing demands of our

Obviously there will be a limit to the number of elements customers. This expansion may be met using the existing
which may be cascaded. This may arise from one of a num- fibre infrastructure at reduced costs. The optical transport
ber of limiting effects. For example signal to noise degra- layer enables routing and restoration to be carried out opti-
dation in the amplifier chain saturation effects due to the cally simplifying the electronic node and offering the
accumulation of spontaneous emission, bandwidth con- prospect of increased reliability. Furthermore the networks
catenation effects in the multiplexing elements or. for long are transparent and compatible with analogue transmission
haul systems, the onset of fibre nonlinearities. systems, plesiochronous systems and future synchronous

What are the basic component requirements for these net- and asynchronous networks. Indeed all these systems may
works? In the immediate future wavelength independent be mixed on to a single transmission fibre.
optical switch arrays with low insertion loss and low polar- In conclusion configurable transparent optical networks
isation dependence are required. In the longer term the flex- are the first step towards the exploitation of the monomode
ibility of this class of networks could be increased by using fibre transmission bandwidth.
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Abstract logic devices are not developed so much.
Therefore, the photonic switching system will

Photonic switching systems can generally be be based on circuit switching at first.
divided into three categories: To make use of the photonic features which
space-division(SD)[1][2], time-division(TD)[3], are high-speed, broad bandwidth, and
and wavelength-division(WD)[41. However, for non-induction, the authors are planning the
important goals, such as transmission and switching system without using
management of large amounts of video optical-electronics converters.
information, a combined system must be used As the capacity of channels increases,
for high degrees of multiplexity. optical interconnection becomes more difficult.

This paper proposes a combined photonic Therefore, it is an important technical issue to
TD and WD switching network for a photonic construct the switching system hardware as
switching system. This paper compares the small as possible.
number of optical devices required for this
proposed structure with conventional
structures. And, finally, This paper shows how A Combined Photonic TD and WD
the proposed structure can further reduce the Switching Network
total number of optical devices required.

A switching system mainly consists of a
switching network, a call processor, line

Introduction subscriber circuits, and terminal equipment.
Each line subscriber circuit sends information

Broadband ISDN is expected to offer from terminal equipment to the switching
full-muction video services at rates of about network and a control signal to the call
150Mb/s. An immediate goal for a photonic processor. The switching network switches the
switching system is to accommodate the information according to the call processor.
management and transfer of such large Photonics will first be introduced to the
volumes of video information. Eventually, switching network.
more than 100,000 terminations will be To make such a large capacity switching
required in the switching system. network, the three categories must be

Switching methods generally can be combined, because it is difficult for an
divided into circuit switching and ATM individual method to achieve sufficient
switching methods. It is difficult to realize multiplexity. Since the total multiplexity in the
photonic ATM switching systems[5][6], because combined TD and WD switching network is
they need complex traffic control, and optical given by the product of TD and WD
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multiplexity, the combined network is much Input SE Output
more efficient than the individual networks.

A tunable wavelength filter and aTFIL
converter are used for WD switching. Then, a
bistable laser diode memory and an optical
switch are used for TD switching. TFRL: Tunable waveleng filter

BSLD: Batmble laser diode
SW: Opical owic

Fig. I shows the proposed switch TCNV: Tunable wavelengthconverter
element(SE) using combined TD and WD
techniques. A tunable wavelength filter, a Figure 1. Proposedswitchelement(SE)
bistable laser diode (BSLD) memory, an optical
switch, and a tunable wavelength converter Input
are cascaded to form a switch element. In the
switch element, an input optical signal is
selected by the filter. Then, its time-slot and
wavelength are switched to an arbitrary
time-slot and an arbitrary wavelength. k k

Fig.2 shows the configuration of the
combined TD and WD switch module using the
switch elements. Switch element groups are SE
arranged at every crosspoint and consist of a SE: Switch (
splitter, multiple switch elements, and a :lnear I

combiner. The input optical signals are C: Combiner

distributed by the splitter, and are directed to

all the switch elements. The combiner sums Figure 2. Switch module configuration
the cumulative output from the switch
elements.

It is possible for the combined TD and WD 1 I 2 L ® . 4 TCNV
switch module to expand line capacity by
adding additional switch element groups Frwne
according to the number of highways required. T T T,T[I d. I.a. I b, I c, I d, I. a. I Fc, T ,,
The number of elements in a switch element (D .,S..,, c, I.a, b. c2  A,

group is determined according to the current D A, 6 C 1
system properties. (9) 1 , , ,

Fig.3 is the operation principle for a switch a,
element where the WD multiplexity is 2 and (Q) a a,
the TD mu'iiplexity is 4. Optical signals are a, a ,
TD-multiptexed in a bit-interleave format and Q) =a r [- a
then WD-multiplexed onto each input highway. ----.-- t
The tunable wavelength filter periodically
extracts an optical signal (time-slot Ti and Fure3. Operatngprnciple
wavelength A i ). The BSLD memory then
stores the filter's output signal during the time convener, because it operates during the call
frame, and the optical switch reads the signal set-up phase.
stored in BSLD memory at time-slot T3 in the
frame. Finally, the tunable wavelength A large switching network can be
converter transforms wavelength A i of the constructed by connecting TD and WD switch
optical switch output signal to wavelength A 2. modules together in a multi-stage

In the switch element, high-speed configuration. Fig.4 shows a three-stage
switching is required by the tunable construction. In this configuration, if the TD
wavelength filter, the BSLD memory, and the multiplexity is 100 and the WD multiplexity is
optical switch. However, high-speed switching 10, the capacity of the switching network is
is not required for the tunable wavelength 100,000 channels.
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Number of optical devices required Table I lists the number of optical devices
required for the proposed TD and WD

Fig.5 is a calculation model to compare the switching network, the conventional TD and
number of optical devices required for the WD switching networks, and the conventional
proposed structure and the conventional TD switching network without WD switching.
structures. The model corresponds to a In this comparison, WD multiplexity is n and
two-stage structure. Every switch has TD multiplexity is m. The number of highways
m n -input and m n -output, and is strictly is n in the TD and WD switching networks, and
nonblocking. M-links are provided between n 2 in the TD switching network.
individual first stage and individual second The conventional TD&WD-A structure is
stage. based on applying the tunable wavelength

filtering technique to internal time switching,
inu Output and the TD&WD-B structure is based onth0ghway applying the tunable wavelength

transformation technique to an internal time
SI switch[7.

10 10  As shown by this table, the number of

(10) (10) (10) required optical switches can be reduced by
introducing WD technology to the TD switching
network. The proposed structure can further
reduce the amount of BSLD memory required10 10 by introducing both tunable wavelength

TD&WD TD&W TD&WD
module module module filtering and conversion techniques to the TD

Figure 4. A combined TD and WD switching network. The proposed structure
Figure iAchmine k aneeds both a tunable wavelength filter and a
switching network converter. However, as listed in the table, the

total number of tunable wavelength filters and
Input nxmnOpt converters required for the proposed structure

switch switch is equal to the number required for the

conventional TD&WD-A structure and the
mn I mn TD&WD-B structure.

1 1 In summary, the proposed architecture
mn mn seems suitable for combined photonic TD and

WD switching in a small hardware package.j(n)r(n)

SI Conclusion

mn L mn A combined photonic TD and WD switching
network has been proposed for a photonic

Figure 5. Calculation model switching system. The proposed structure is

Table 1. Number of required optical devices

WD multlplexity: n TD multlplexty: m

Structure TFIL TCNV BSLD SW Total

Proposed TD&WD mn2  mn2  man2  rn2  4mn 2

TD&WD-A 2mn 2 - 2mn 2mn 2  6mn

Cony. TD&WD-B - 2mn 2  2mn 2  4mn 8mn 2

TD - -Z 4n" :S(m~n)nl = (12m4n)n 2
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Abstract switching in times of 1-ns has been reported,
using a DFB LD tunable filter[4]. However, this

Fast wavelength switching of less than 0.4 ns type of filter with wavelength tuning principle
has been realized when using a LiNbO. tunable is based on the effective refractive index change
filter. This permits wavelength-division and due to the carrier injection effect, lacks the
time-division hybrid switching networks to possibility of achieving less than 1-ns
adopt a 2-Gbps bit-interleaved signal form. wavelength switching time. This is mainly doe

to the value of the carrier life time.
In this paper, for achieving high-speed

1. Introduction wavelength switching, we propose an
application of a LiNbO3 Fabry-Perot (LN FP)

Wavelength-division (WD) and time-division tunable filter to the WD&TD hybrid switching
(TD) hybrid switching networks are expected to network. The resultant high-speed wavelength
be one of the strong candidates for future switching of less than 0.4 ns permits the
broadband ISDN (B-ISDN) H4 signal (around WD&TD hybrid switching networks to adopt a 2
150 Mbps) STM switching networks[l]. In these Gbps bit-interleaved signal form.
switching networks, high-speed wavelength
switching operation of tunable wavelength
filters is necessary. Recently, to confirm the 2. WD and TD hybrid switching network
feasibility of an 8 WD and 4 TD hybrid
switching network to cater for 100 Mbps signals, Figure 1 shows a proposed WD and TD hybrid
a wavelength switching experiment was switching networks. It is constructed by
demonstrated with a TD multiplexed signal in a combining WD and memory matrix time (MMT)
byte-interleaved signal form with 6.7 ns guard- switching techniques[5]. In the WD&MMT
time. Wavelength switching within the guard- switching network, WD and TD multiplexed
time was accomplished[2], by using phase-shift- input optical signals from input ports are split
controlled DFB LD tunable wavelength into r and they are sent to individual tunable
filters[3]. However, a bit-interleaved signal wavelength filters. Here, a specific wavelength
form is more suitable for the hybrid switching signal is selected from the multiplexed optical
network than that of a byte-interleav, i signal signal after every time-slot. Extracted output
form, because of the amount of hardware optical signals undergo opto-electronic
required for the time switch, used for the hybrid conversion and are then applied to the MMTs.
switching networks. To employ the bit- Signals are then exchanged between arbitrary
interleaved signal form, improvement in the time-slots and are transmitted from arbitrary
wavelength switching time is required for output ports to wavelength tunable E/Os.
tunable wavelength filters. Wavelength Finally, the tunable wavelength E/Os, which
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Tunable O/E: Opto - electronic converter
wavelength Wave t E/O Electra - optical converter
filter tunable
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Fig. 1 WI)&MMT switching network

include wavelength tunable laser diodes (LDs), connected to both sides of the optical waveguide.
convert the MMT output signals to an arbitrary The LN FP tunable filter, which has a 3-dB

wavelength optical signal after every time-slot, down bandwidth of 0.26A and a free-spectral-
Subsequently, these signals are transmitted to range of 5.5A (finesse=21.8), was designed by
the output port. In brief, the WD&MMT setting waveguide length (cavity length) at 1
switching network can exchange optical signals mm and by coating for 87-% reflection at both
multiplexed in both wavelength and time facets, taking 0.02-dB/mm waveguide loss into
domains among arbitrary input and output account. Anti-reflection coated cleaved-ended
ports. single mode optical fibers were coupled with the

In the WD&TD hybrid switching network optical waveguide.
such as the WD&MMT switching network with Figure 3 shows the measured transmission
a bit-interleaved signal form, high-speed ratio for the LN FP tunable filter. The free-
wavelength switching operation of tunable spectral-range, 3-dB down bandwidth and
filters is necessary. For example, when eight B- finesse were 5.9A, 0.3A, and 19.7, respectively.
ISDN H4 signals are TD multiplexed in a bit-
interleaved return-to-zero (RZ) signal form, less
than 0.4-ns wavelength switching time,
corresponding to half of one time-slot duration,
is necessary. Optical AR-coated

Waveguide cleaved-end
AR-coated Wv- e/ fiber

3. LiNbO3 Fabry-Perot tunable filter cleaved-end
The electro-optic effect response time is as low coating

as 10 ps[6]. However, the wavelength switching
time for a LiNbO3 Fabry-Perot (LN FP)
wavelength filter, based on the electro-optic signal

effect, is basically determined by the time
constant for the load resistance connected to the Reflection
electrode and electrode capacitance (less than a coating L
few picofarads). The LN FP tunable filter, LINbO3 substrate
therefore, has a capability of wavelength
switching in times of less than 0.1 ns. The LN
FP filter structure is shown in Fig. 2, indicating Fig. 2 An LN FP tunable filter structure
an 8-pim width optical waveguide fabricated on
the X-cut LiNbO 3 substrate and electrodes
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Fig.4 Wavelength switching experimental
setup for an LN FP tunable wavelength

0 .. filter
1.475 1.5480 1.5485 [pm] 0.5 ns/div.

Wavelength
Fig. 3 Transmission ratio for an LN FP

tunable filte

With applied voltages of 10 and 50 V, respective )a
filter selecting wavelength shifts of 0.9 and (b) 2

4.5A were achieved, while also maintaining a
constant transmission characteristics. The a, A. A, , a , A$
wavelength tuning coefficient (the ratio of
wavelength shift to applied voltage :AA/AV) may
be further improved by using structures which (c)
maintain stronger optical and applied electric
field confinement.

Fig. 5 Signal waveforms
(a) 1.2-Gbps input signal for an LN FP

4. Wavelength switching experiment filter
(b) LN FP iilter control signal

The wavelength switching experimental setup (c) LN FP filter output signal

for the LN FP tunable filter is shown in Fig. 4.

Two light carriers from laser diodes, with 0.2ns/div.
wavelengths were A, and A2, were combined and
led to an external modulator (MOD). Channel
separation between A1 and A2 was 0.9A. Using (a)
an LN modulator, the WD multiplexed light
could be intensity-modulated at 1.2-Gbps or 2-
Gbps RZ signals with 50 % duty. The modulated a 2
optical signal was then transmitted to the LN (b)
FP tunable filter. Because the RZ signal is -
assumed to be a TD multiplexed signal in a bit- 2 A A
interleaved form, the wavelength switching
operation, therefore, must be accomplished, (c)
while the signal logic level is returned to zero.
The filter selecting wavelength was switched by
the electronic signal from a control signal
generator bit by bit. Fig. 6 Signal waveforms

Figure 5 (a) shows a 1.2-Gbps input signal for (a) 2-Gbps input signal for an LN FP
a tunable filter, which is composed of both A, filter
and A2 wavelength signals. The filter selecting (b) LN FP filter control signal
wavelength was sequentially switched between (c) LN FP filter output signal
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A1 and A2, according to the control signal, whose References
amplitude was set to be 10 Vp-p, as shown in
Fg. 5 (b). The tunable filter output signal 1. S. Suzuki, M. Fujiwara, and S. Murata,
shown in Fig. 5(c), was observed using an opto- "Photonic wavelength-division and time-
electronic converter (O/E) with 5-GHz division hybrid switching networks for
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systems," in Conference Record of IEEE
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filter, wavelength switching in times of less Exhibition (Hollywood Florida, 29.2,
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tunable filter. Hansch, "Electrooptic sideband generation

at 72 GHz," in Proceedings of Conference
on Lasers and Electro-Optics, (p. 248,
Wo4, 1989).



Logic and Control



N BTAll-Optical Control Ciruits for PhotoIic

sih Switching

iL Akira Ehieno and Yashihiro Shimzu

o NiT Communication Swatching Laboratorwz 3-9-11 Midori-cho,

Mmsoshino-shi, Tokyo 180, Japan

ABSTRACT ultrafast optical cell generator t ) that uses a gain-
switched semiconductor laser diode and Ti:LiNbO3

This paper describes promising optical technologies optical switches (Fig. 1).
for high-speed processing and discusses their
essential applications to all-optical control circuits for
photonic switching. Pulse interval

conpressor

1. INTRODUCTION DIspersn-shf ed-t'----I .SMF j',2 "i

Future communication services will require high- DFB- M Ii. C3 Ot0
speed and intelligent control circuits as well as
broadband information switching equipment. For
switching equipment, optical switches are attractive
because of their inherent broad bandwidth and D inp
immunity to induction. Various types of optical (1GH )  0250 MHz
switches such as space-, time-, and frequency- I G00MHz
division switches have been studied so far. For
control circuits, the required functions fall into two
categories, high-speed simple functions and low-
speed intelligent functions. New optical technologies
will be demanded for the former functions, though
electronics will play an important role for the the latter
as it does today. " "ne chart

For high-speed optical processing, the following
optical technologies are available: 1) the use of optical Fig. I Ulrafast optical cell generator
processing partially through electronics; 2) the use of
passive waveguide components,.4nd 3) the use of
optically activated optical devices. These applications
to control circuits for photonic switching may include In this experiment, optical pulses emitted from the
short pulse generation, optical signal filtering, and gain-switched DFB laser diode are coupled into a
clock synchronization. dispersion-shifted single-mode fiber to shorten pulse

This paper describes some of these circuits that width. The obtained optical pulse series features a 1
have been studied in our laboratories. GHz repetition rate and a 19 ps pulse width. lThese

pulses are modulated by an optical intensity-
2.OPTICAL CELL GENERATOR USING A modulator. The modulated optical pulses enter two
GAIN-SWITCHED LD stages of the pulse interval compressors. Each

compressor consists of a lx2 optical switch, two
A high-speed optical cell switch for the photonic optical fiber delay lines, and a 2xI optical coupler. At
asynchronous transfer mode system will be a key the first compressor, the lx2 switch alternately sends
technology for the future large-capacity pulses to the two delay lines by using a driving signal
communication systems. We have proposed an with a frequency of 500 MHz. These delay lines give
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the pulses a relative delay, and the 2xl coupler etching. The core was 6 mm wide 6 mm high. The
recombines the pulse with a pulse-width interval. As a relative refractive index difference was 0.7%. The
result, two pulses are output from the first tunable splitter is a symmetrical Mach-Zehnder
compressor every 500 ns period. At the second interferometer, constructed to include two directional
compressor, the frequency of the driving signal couplers, two arms, and a thin-film heater on one
applied to optical switch is half of that used in the first arm. Tuning function is carried out by using
stage. Thus a four bit optical cell signal was temperature-dependent refractive index change based
generated. The output was monitored with a streak on the thermo-optic effect. The heater shifts the
camera having a 10 ps resolution. The experimental optical carrier phase. The output of the splitter can be
results are shown in Fig. 2. The bit rate of observed changed from 0 to 1 by shifting the phase difference
optical cell was about 40 Gb/s. between the two arms from 0 to p. The phase shifter

Although this circuit uses driving signals of less is a waveguide on which a thin-film heater is attached.
than I GHz, optical cell signals of several tens of The unit delay length was a I cm-long waveguide
Gb/s can be generated. The bit rate of optical cell (unit delay = 50 ps). Thus, the frequency
signals is mainly determined by their pulse width, characteristics have a periodic shape every 20 GHz.
Because the generation of 6 ps full-width optical pulse The optical combiner is constructed by connecting 9
using the gain-switched LD and pulse compression directional couplers in a reverse tree structure.
fibers have been reported, 160 Gb/s cell generation Figure 4 shows the frequency characteristics of
will be possible. the low-pass filter. The solid line shows the

measured characteristics and dotted line shows the
theoretical characteristics calculated from the transfer
function derived using the tap coefficients. The close
agreement between them shows that this filter could
be designed having any frequency characteristic.

Input
Tunable unabl Tunable
s litter splitor splitteral a-,i I

ass ass hase Phase
shifter shifter shifter shifter

arg. al Org. a2 arg. .i Mg. a.
Fig. 2 40 Gb/s four-bit optical cell

3.OPTICAL SIGNAL PROCESSING
USING PASSIVE WAVEGUIDES Combiner

Signal processing using passive optical waveguides Output
as a delay medium has the advantage of being able to
process broadband signals, because optical Fig.3Opticaltransversalfiler
waveguides have a large available bandwidth. This 1 1
section describes an optical transversal filter2 ) and a 1 1
pattern matching circuit3) fabricated with high-silica 3 3
waveguides. These circuits are similar in Delay 0 r I I 1 6r T,
configuration and are constructed of optical power time 1 2% 3r 4,t - I
splitters, delay lines, and combiners. Progress in low- 7 5 c 7
loss guided-wave devices ensures the use of long 1 Tap coefficients
waveguides and stable operation.

3.1 Optical transversal filter
A configuration of an optical transversal filter is CL

shown in Fig. 3. Optical signals introduced into the - Measured
filter are tapped, weighted and then coherently Measure

combined. In this filter, any weighting coefficients, Theoretical
including complex numbers, can be set by using
tunable optical power splitters and phase shifters. The
distribution ratio achieved by each tunable splitter
corresponds to the respective absolute value of the
complex coefficient value. Phase shifters determine 0 f o+ /o+1°

the argument of the complex coefficients.
The monolithically integrated filter was fabricated Optical frequency (GHz)

with embedded high-silica single-mode waveguides 4)
on Si by flame-hydrolysis deposition and reactive-ion Fig. 4 Low-pass filter frequency characteristics
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3.2 Optical pattern matching circuit An application to ATM-based photonic cell
The schematic diagram of an optical pattern matching switching is also demonstrated by using this pattern
circuit is shown in Fig. 5. This circuit can detect any matching circuit as a routing controller. Optical cells
specified pattern in an optical signal sequence by are sent through an lx2 LiNbO3 switch, and when
correlation with a tapped delay line structure. The the pattern matching circuit detects MMMM of four-
four-bit pattern matching circuit consists of a serial- bit PSK routing control signals, the output triggers a
parallel converter comprising a lx4 optical power 4.3 ns electrical pulse to drive the optical switch. Cell
splitter and four delay-lines, a decoder with four signals and routing control signals were synchronized
phase shifters, and a 4xl optical power combiner, but not multiplexed for experimental convenience. 32
PSK input signals are converted to parallel signals bits intensity-modulated optical signals at 10Gb/s
with serial-parallel converter. Optical carrier phases of were used as cells. An 1.1. ns guard-time was
the parallel signals are respectively shifted so that only provided for each cell. Figure 7 shows the measured
those of the specified pattern are in-phase. The output signals from the optical switch. Optical cells
maximum output power is obtained when in-phase were appropriately switched according to the MMMM
signals are coherently combined. The pattern to be detection. These results confirm the routing control
detected is set at the phase shifters by changing the capability of the a"ter matchin circuit.
electric power to the heaters.

Figure 6 shows the pattern matching responses
(upper traces) and the respective input patterns (ower
traces). The maximum output was desirably obtained
when MMMM apears in the input signal sequence.
The extinction ratios measured when the input
patterns differ from the MMMM pattern by one or two
bits were respectively 5.3 dB and 13.2 dB.

Serial-parallel MMMMSSSMSSMMSMS
convert r Decoder (a) MMMM is in input

PSK

Markl 
utu

SpaceX4MMSMSSSMSSMMSMS 500 Ps

0 (b) MMMM is not in input

1 x4 splitter Dalay Phase Fig. 6 Oscilloscope traces
lines shifters 401 comtner Upper : pattern matching response

Lower: input pattern
The pattern set at the phase shifters

Fig. 5 Optical pattern matching circuit is MMMM

MMMM MMMM MSSM MMMM

Routing control signal

Switch driving signal

Switch output 1 waveform

Switch output 2 waveform

Optical cell Optical cell Optical cell 2 ns

Fig. 7 Results of an optical cell switching experiment
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4. ALL-OPTICAL SYNCHRONIZATION
CIRCUIT

All-optical system synchronization and clock
regeneration are the most important function for high-
speed digital communication systems. We have
recently proposed an all-optical synchronization
circuits using a semiconductor laser-diode-based self-
excited oscillatorS).This all-optical synchronization circuit is shown

schematically in Fig. 8. The self-excited oscillator Input
consists of a semiconductor laser diode with an anti-
reflection coating facet and an external cavity in which
a quarter-wave plate is inserted. Self-excited
oscillation is caused by polarization mode competition
between the TE and TM waves. The quarter-wave
plate converts a TE wave into a TM wave and vice
versa. When no light is injected into the oscillator, it
alternately emits the TE and TM waves. The output is
obtained by choosing either the TE or TM waves. If (50ps div)
the intensity-modulated fight input is injected and the 0UtLpUt
clock frequency of this input light is near the self-
excited oscillation frequency, intensity-modulated
synchronized clock output light is obtained.

In our experiment, the input light was a TM wave Fig. 9 Waveforms of irut and
emitted by a DFB laser, and the TE component was synchronized clock output
chosen as the self-excited clock output. To obtain 10
GHz operation, the optical path length of the cavity S. CONCLUSION
was shortened to around 7 mm. A 10 GHz RZ
"1010" pattern intensity-modulated light, was used Optical control circuits for photonic switching have
as input. The waveform of the output is synchronized been described. Our experiments demonstrate the
to that of input light as shown in Fig. 9. The average potential of high-speed operation obtained by using
power of the input and the synchronized output lights optical technology. Although these all-optical control
were 150 mW and 500 mW, respectively. This circuits are still in the basic research stage, they will
experimental shows that the circuit has the potential play an important role in future photonic switching
for high-frequency operation. systems.

The self-excited oscillation frequency is mainly
determined by the cavity length. High-frequency
operation will be possible because the periodic carrier REFERENCES
density change in the laser diode is small.
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Abstract 2. Network model for the aalsis
We compare four different methods of injecting control In order to make a fair comparison, we must first makesignals into photonic switches, and we study their ef- some assumptions and set up some constraints to boundfects on network performance, system complexity, and the problem and put each of the different control injec-system packaging. 

tion schemes into a framework that can be suitably ana-lyzed. Although the results of this paper will be general
in nature, the specific network that will be modeled

1. Introduction within this paper is an Extended Generalized Shuffle
All photonic switching architectures require control in- naetwoik[l] having N-256 inputs, 17 node-stages, and
formation to be injected into the nodes of the network 2048 nodes per stage. The general systems that will be
fabric to permit appropriate routing of the traffic. A typ- studied are free-space photonic switching systems with
ical photonic switch (Figs. 1-4) consists of nodes ar- multiple stages of planar device arrays (such as S-
ranged in stages (node-stages) which are separated by SEEDs[2] or smart pixels) connected via imaging op-
optical links (link-stages). Every node in every node- tics, with fiber bundles routing the data into and out of
stage must have control signals routed into it in addition the system (Figs. 1-4).[3]
to the data inputs and data outputs, and depending on the The network model will be operated as a time-divi-
reconfiguration rate of the network, the aggregate bit- sion multiplexed (TDM) switch, because this applica-
rate of the control inputs entering a node-stage can tion places the most demanding requirements on the
sometimes be as high as the aggregate bit-rab of the reconfiguration rates and the control injection hardware.
data passing through a node-stage. Thus, it should be In particular, the target TDM network for this analysis
apparent that the problem of control injection is not at win switch DS-0 signals (8-bit time-slots) carried in 155
all a trivial problem. Control injection is an important Mbps data streams. Thus, there will be 2430 time-slots
aspect of photonic switches that should probably by giv- in each 125 microsecond frame, and network reconfigu-
en more attention, because the manner in which control ration must occur once every 51 nanoseconds. The time-
is injected into the network has a large effect on the per- slots intervals, with duration Td- , are separated by
formance and operating capabilities of the network. This guard-band intervals of time Tgwmd, so we can de-
paper will study these effects for four different control fine the bandwidth utilization as U=Tn=_d/(Tumv.
injection schemes: 1) a distributed control scheme with ,i+T,,). A low bandwidth utilization implies
self-routing packet headers, 2) a centralized control that the system will waste more bandwidth for control
scheme with self-routing packet headers, 3) a central- injection, so data rates within the network fabric often
ized control scheme with spatial light modulators need to be increased to accommodate the incoming data
(SLMs), and 4) a centralized control scheme with direct stream. To avoid this problem, the bandwidth utilization
node injection. should be maintained as high as possible. In any TDM

system, four basic components are required. These in-
clude (1) the path hunt processor, (2) the control memo-
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ry (and any associated memories used for isolation), (3)
the memory-switch interface, and (4) the switching nodeAPkt
logic. New call requests are sent to the path hunt proces-
sor, which determines an idle path through which the
new call data can be routed. The results of path hunt are
stored as control signals in the control memory, and they
are read out and routed to the primary and shadow mem-
ories of a double-buffered memory. For all of the analy-
ses below, we will assume that double-buffered payload
memories are used, so data can be read of the shadow
memory while new data is being written into the prima-
ry memory. The data is read out of the control memory node
in cyclic fashion (one control word is read out every
time-slot), and it is routed through the primary and shad-
ow memories to the control-switch interface (which can
be either electronic or optical) to the switching node
logic, where the control signal is used to actively route
the data through the node. The control signals on the toutput I
memory-switch interface can be transitioning only dur- inp o _ic . output 2
ing the guard-band interval, and they must be stable
while data is passing through the node during the entire
time-slot interval. The comparisons below will show
that these four basic TDM components can be physical-
ly distributed very differently in different systems.

bits are being routed.. The header information is pro-
3. Analysis of four control injection schemes cessed by the local path hunt processor in each node,

For each of the four control injection schemes listed and the results of path hunt operations are stored in the
above, we will study several architectural characteris- localized control memory. The output of the control
tics. These characteristics include the required node memory is tied directly to the local switching logic, so
complexity, the complexity of the optical hardware, the the packet header can then be routed to the desired node
required optical field of view, the tolerance to faulty in the next stage, where the entire process is repeated by
nodes, the bandwidth utilization, the control memory re- another node. Thus, the packet header flows along the
quirements, the pinout/bandwidth requirements on the same path as the packet itself, and the raw data follows
memory-switch interface, and the available space on the the header. The control memory must hold the control
device or SLM substrates for memory-switch interface bits for the entire duration of the packet. This control in-
traces. Some general parameters that will be used within jection scheme requires relatively complicated logic for
the analyses below include the number of inputs (N), the the path hunt processor within each of the nodes, so it
bitrate in the network fabric (B), the number of bits per also requires large fields of view for lenses imaging over
time-slot (b), the number of node-stages (s), the number the device substrate. An S-SEED implementation of the
of control inputs per node-stage (n), and the number of node would require 128 S-SEED devices, while a smart
time-slots that are concatenated to create a larger time- pixel implementation would require 106 transistors.[4]
slot (c). For the analysis below, we will set N=256, The optical hardware complexity is relatively compli-
B1=155 Mbps, b=8, s=17, n=2048, and c=l. cated for this system, and the system is not very tolerant

3.1 Distributed control with self-routing packet of faulty nodes. The bandwidth utilization is given by

headers U=(bc)/(bc+log 2N), so for the N=256 network imple-

In the disiributed control injection scheme based on mented with a Batcher-banyan topology, the bandwidth

self-routing packet headers, the four basic components utilization is a relatively low 0.50. However, the net-

for control injection are all contained within the node, as work requires only 33,664 (2xl)-bit memories

shown in Fig. 1. Incoming time-slots (with call request 3.2 Centralized control with packet headers
headers) are buffered and synchronized at the input of The centralized control injection scheme based on pack-
the network before being routed through the network et headers places the path hunt processor functions in a
nodes.The first log2N bits in each packet contain headec centralized location, and the control memories have
information that is used for routing the raw data bits in been distributed within front-end processors across all
the packet payload, so the guard-band interval (when of the inputs to the network. The memory-switch inter-
control signals are loaded) occurs while the first log2N face and the switching logic are still contained within
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Figure 2. Centralized control with packet headers. Figure 3. Centralized control based

each of the nodes, but a latch has also been added to the 3.3 Centralized control with SLMs
nodes (Fig. 2). Call requests are transmitted to the cen- In the centralized control injection scheme based on
trally-located, electronic path hunt processor, and the re- SLMs, electronic control signals are produced by a cen-
suits are routed to the electronic control memory in the trally-located, electronic path hunt processor and stored
front-end processor. During the guard-band interval, the in an electronic control memory located near the path
incoming time-slot is buffered at the input, and the con- hunt processor. The output of the control memory is
trol information from the control memory is multiplexed then transferred into the SLMs. where the control sig-
onto the input line and is directed into the nodes. While nials are converted into optical signals before being rot-
this control information is being routed through the ed onto the device arrays within the photonic network,
nodes, the latches within the nodes extract the control where the switching logic within the node is implement-
bits and store them to provide appropriate routing within ed by optical logic devices or by smart pixels. The
the nodes. The buffered data within the front-end pro- SLMs in this analysis were modeled as doble-buffered
cessor can then be routed through the switching logic memories (requiring a primary latch and a shadow latch
based on the control bits that are stored in the latches, to be associated with each pixel).The actual state of the
Since the path hunt processor has been removed from SLM pixel is modified when a new bit is loaded into the
the node, a typical node with a shadow memory requires shadow register, and the amount of time required to
only a few logic gates. Thus, the field of view on lenses change the state of a pixel is denoted TS M A SLM pix-
imaging over the device substrate with these nodes is el can only be modified during the guard-band interval.
relatively small. Unfortunately, the optical hardware is In the system of Fig. 3, M=2 SLMs are shown associat-
still somewhat complicated, and the scheme is not very ed with each node-stage, and each SLM is used to con-
tolerant to node faults, because an error in a single node trol a different region of the optical logic devices in a
can corrupt the control bits in many nodes. The length of node-stage. As in the previous scheme, the nodes can be
the guard-band interval is directly related to the number greatly simplified to a few logic gates, so the lens field
of node-stages, because U--(b)/(bc+s). Thus, for the of view required for these nodes is relatively small.
N=256 network with s=17 node-stages, b=8, and c=l, However, the optical hardware is very complicated be-
this results m a very low bandwidth utilization of 0.32. cause of the addition of the M SLMs. This scheme is
This network also requires 2048 (2430 x 17)-bit control very tolerant to node faults, becau. a faulty node af-
memories and 34,816 l-bit latches within the nodes. fects only paths through that node. In addition, the

N=256 network requires only 17 (2430 x 2048)-bit con-
trol memories, but each SLM pixel must have a pair of
1-bit registers (primary and shadow latches) associated

O/E EO O/EW/ *

llon m W l mm mm m mm , m -
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with it. The bandwidth utilization is U=(bc)/(bc+TsLm), of the control memory is transferred directly onto the
and this can be increased by decreasing the time re- substrate and into the nodes that are implemented by op-
quired to switch all of the SLM pixels, TSLM. The use of tical logic devices or smart pixels (Fig. 4). All of the
a double-buffered memory separates the writing of the control signals must be modified during the guard-band
control bits into the primary memory from the loading interval. The nodes are very simple in this scheme. but
of the shadow memory and the switching of the SLM the lens field of view must be large enough to provide
pixels. For a SLM with double-buffered control memor- space on the device substrate for control signal traces.
ies,the control bits can be written into the primary mem- The optical hardware is very simple, and the scheme is
ory while data is being passed through the nodes, but all very tolerant of faulty nodes. The N=256 network re-
of the control bits for all of the nodes must be written quires only 17 (2430 x 2048)-bit control memories
into the primary memory within a time-slot interval. The along with 69,632 1-bit latches within the nodes.The
time required to write all of the control bits is deter- bandwidth utilization is U=(bc)/(bc+Tnod), which can
mined by the bandwidth of the pinouts on the SLM be increased by decreasing the node switching time,
package. If we use a simple multiplexing scheme that Tnod. Since double-buffered memories are used within
places X control bits on a single SLM pinout, then the the nodes, the primary memories can be loaded while
number of pinouts on the SLM package is n/(MX)+ data is passing through the nodes. The time required to
log 2X, and the number of pinouts is minimized when load the primary memories is determined by the pinout
X=(n/M)*ln(2). The bandwidth on each SLM pinout and bandwidth constraints placed on the device array
must be capable of supporting a bitrate of BX/(bc). package, and this operation must be completed within a
Thus, if B=155 Mbps, M=l, X=16, n=2048, b=8, and time-slot interval. If we use a simple multiplexing
c= 1, then the resulting control scheme requires a SLM scheme that places X control bits on a single package pi-
package with 132 pinouts, and each pinout must support nout, then the number of pinouts on the array package is
a birate of 310 Mbps, which still requires a relatively n/X+Iog2X, and the number of pinouts is minimized
ambitious electronic packaging design. when X=n*ln(2). The bandwidth on each device pack-

Su hage pinout must be capable of supporting a bitrate of
rant mem BX/(bc). Thus, if B=155 Mbps, X=16, n=2048, b=8,

and c=1, then the resulting control scheme requires a de-
vice package with 132 pinouts, and each pinout must

O/E I / support a bitrate of 310 Mbps. In effect, the pinout prob-
gfAt lems on the SLM package from the previous approach

have simply been shifted to the device package.

r ard  Table 1. Problems in control injection schemes.

dhremoval

=potentialproblem
2j 32

UU

1. Node complexity
lOptical 

hardware complexity O O O

Figure 4. Centralized control based on Optical field of view
direct control injection. Tolerance to faulty nodes O O

3.4 Centralized control with direct injection Bandwidth utilization O O
In the centralized control injection scheme based on di- # pinouts on memory-switch int
rect control injection into nodes, the centrally-located
electronic path hunt processor stores control signals in Bandwidth on mem-switch int O O
an electronic control memory, and the electronic output Available space for traces O O
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4. Conclusions inthe smart pixel packages (or SLM packages) to permit

Each of the control injections schemes described above access between the electronic path hunt processor and

has its own advantages and disadvantages, and the P- the switching nodes. Thus, optical researchers must be-

tential problems for each approach are shown in Table gin working with electronic packaging researchers to

l.These potential problems have been identified for the provide both electronic I/O and optical l/0 on the devic-

particular architecture that the authors were examining, es of the future. The results outlined within this paper

and different architectures will undoubtedly encounter a have also shown that control injection must be consid-

different set of problem areas. In addition, these prob)- ered at a very early star in any photonic switch design.

lem areas will shift around as optical technologies con- because many network c racteristics are determined bylem rea wil siftarond s oticl tchnloges on- the choice of a control inje on scheme.
tinue to improve, so this table should be treated as a
temporally unstable entity. Nevertheless, several general
trends have been identified as a result of this analysis. References
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AbstactModule/Subsystemn Interconnects -The "dtia BusAbstractDemonstraor

OLIVES combines the skills of nine organisations to
develop optical interconnect technologies and Figure 1 shows an optical realisation of a conventional
demonstrators. A review is given of the aims and electrical time division multiplexed bus. A number of
progress to date. nodes (eight in this case) sepmaed by 0.5 - 5 m are

connected by multimode ribbon fibre through an array of
passive star couplers. The demonstrator will have an

Introduction aggregate bit rate of 6 Gbits/s but the same technologyis capable of total rates up to 32 Gbits/s, which exceeds
OLIVES (Optical Interconnections for VLSI and the projected performance of even the most ambitious
Electronic Systems) is a three year collaborative project electrical busses. Multiple instances of the basic unit
which commenced in January 1989 and combines the shown could be combined to achieve a total rate of 100s
complementary skilS of four major electronics of Gbits/s.
companies (SIC, Siemens, Plessey and Thomson-CSF),
a chemical company (Akzo) and five acdemic Electronic Transmitter and receiver module
institutions (University College London (UCL), circuit ]N R
Foundation for Research and Technology, Hellas/RCC, boards Ribbon fibre

Centro Nacional de Microelectronica (CNM),
Interuniversitair Microelectronic Centrum (MEC), and
Eldgenossishe Technische Hochschule Zurich (ETH)).
Some of the key aims and achievements to date in this
project are described.A

Subsystem Demonstrators

Four major demonstrators of optical interconnect Electrical interconnect Ribbon

subsystems are under construction, each at a different
level within the hierarchy of system construction. These fibre alignment
are supplemented by major technology demonstrators of fbr aln
low-power high-density optical interfaces, described in Laser array
the following section, and of GaA/Si technology. Lgic

Figure 1. Module interconnects - optical bus

186
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At each node is a compact array transmitter and receiver The principal advantage of this scheme is the reduction
module based on silicon motherboard opto-hybrid of the volume required for the interconnection. For
technology[l]. This uses silicon v-grooves to align the example, in an 8 board system, the clock distribution
fibres and provide reflective structures, solder bump self network occupies some 120 cm 3 in conventional
alignment of the laser and receiver arrays, and a high electronic technology (using co-axial cables), while the
density interconnect on the silicon substrate to make optical mastercard occupies only 5 cm3 . The gains when
electrical connections to the hybridized driver chips and more boards are required, or where multiple data paths
passive components. This is the key to achieving the are to be provided, are even more spectacular.
integration density required to minimize the size and
power dissipation of the modules. The simulated Board/MCM Interconnects - The Waveguide Array
dissipation of a transmitter array hybrid operating at 32 Demonstrator
Gbits/s is 15W, and that of the receiver is similar.

Figure 3 shows a schematic of an optical overlay to a
Backplane Interconnects - The Mastercard Demonstrator silicon multichip module[3]. Conventional electrical

interconnects are used for the short distance
Figure 2 shows the concept of the mastercard interconnections, while arrays of silica-on-silicon
demonstrator[2] for backplane interconnects. The waveguides in the overlay provide the long distance
'mastercard', which is fabricated from a conventional parallel data connections. The demonstrator will
borosilicate mask plate as used in the micro-electronics comprise an eight channel parallel link using a single
industry, is provided with computer generated mode waveguide array, laser diode arrays and photo-
holographic elements. These holograms, which have a receiver arrays. The pitch of these arrays is 125 gm.
grating constant of 1.2pzn, deflect the beams to direct The waveguides are fabricated by flame-hydrolysis.
them to the required electronic daughterboard and split Silicon micro-etching is used to produce submounts and
the power to provide fanouL Collimation optics, alignment features for the assembly of the demonstrator.
contained in the packages of the emitters and receivers,
eliminates the requirement to realise this function
holographically and improves the overall performance.
Early mastercards, assembled for clock distribution with
a fanout of 4, gave a measured optical clock skew of Template
lOOps, an excess loss of 7 dB and a non-uniformity LD array
between the 'receiving' elements of 0.9 dB.

Daughterboards WG array

PD amplifier array

Optical source
(laser or led)

ElectricalPIN lines

photodiode Chip Si substrate

-on eah LD array WG array on Si Amplifier array

Electrical connectors Optical mastercard Cross section PD array Si substrate

PIN PIN LD PIN PIN

Figure 3. MCM interconnects - waveguide array

Holographic elements

Figure 2. Backplane Interconnects - Mastercard
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Chip Interconnects - The Chip Level Clock Distribution above. In addition, there are tasks to develop specific
Demonstrator optoelectronic components and component hybridization

techniques.
Within a single chip the delay (typically 0.5 ns or more
with state of the art technology) caused by the Optoelectronic Interfaces
conversion of electrical signals to optical signals and
back again makes the use of optical interconnection for A key component of several of the demonstrators is a
data unattractive in most instances. Clock signals, receiver array. A monolithic 8-element array has been
however, are distinguished by a requirement to minimise designed and fabricated[5] on a commercial ECL
differential delay. The superior fanout capability of process. One variant of this is designed for solder-bunp
optics allows electrical buffer stages to be eliminated mounting of a photodetector array which was also
and path length differences minimised, the main sources fabricated within the programme. The entire 8-element
of chip-level skew. Figure 4 is a schematic of the chip array is about 2.3 mm square and gives an ECL-
level clock distribution demonstrator[4]. A laser diode compatible output. The first samples of this device have
adjacent to the chip is reflected onto a multiplexed a measured total power consumption of 280 pW,
computer generated holographic element, realised as a inclu'ing the output buffers, a delay of 1.4 ns, and a
relief structure etched in silicon with an SF 6 plasma and minimum input level for the '1' state of 7 IJA. No
metallised with Ti/Au to improve the reflectivity. The measurable inter-channel crosstalk has been detected.
light is focused by the hologram onto four photodiodeF The area of a single channel is equivalent to that of 4
on the chip. A diffraction efficiency into the first order ECL gates. This device (or its wirebond variant) will be
of 39% has been measured with the binary holograms used in several of the demonstrators. In addition,
realised to date, close to the theoretical maximum of CMOS receivers have been designed operating at 50
40%. Calculations of the improvement in clock skew in MHz with a power consumption of only 1.17 mW per
a typical chip give an estimated reduction from 2 ns to channel and a 4 IJA sensitivity[6].
350 ps with a fanout of 17 which is easily achievable, Figure 5 shows an array of 64 reflective MQW
corresponding to an increase in maximum speed from 50 modulators based on the asymmetric Fabry-Perot
MHz to nearly 300 MHz. design[6,71. These are substrate entry devices designed

for flip-chip mounting. With a 5V drive signal, a
Technology Development contrast ratio of up to 3 dB with a loss of 2 dB has been

achieved. This was with a device of 100 pmra diameter
The programme includes a significant effort devoted to having 47 quantum wells of 1 IOA. A free space
optimisation of the optical pathways (i.e. holographic interconnection of adjacent VLSI chips will be
elements and waveguides), parts of which are described assembled, based on this type of modulator, to

demonstrate the potential of these devices for optical
interconnects with very low power.

I>- Laser diode

Si Micomachined
Si Motherboard mirror

Figure 4. Chip level clock ditribution Figure 5. 64 element MQW modulator array
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Component Hvbidization Other Activities

Several methods for the precision mounting of Other activities include a critical assessment of the
optoelectronic components are under development within demonstrators against the system requirements of the
the project. The most flexible of these is solder bump industrial partners and the investigation of certain other
mounting, where the surface tension of molten solder is possibilities, notably direct, high density, free space
used to pull the components into precise alignment interconnects between adjacent parallel boards and
Figure 6 shows a 3-layer assembly made with this optical backplane busses. In addition there is an
technique. This comprises a modulator array, similar to ambitious task to demonstrate the technology for
that described above, flip chip bonded onto a silicon monolithic integration of MQW modulators widh CMOS
mount together with a (simulated) diffused glass array, circuitry. A key achievement of this activity is the
using a combitiation of high melting point (3000) and demonstration of both growth and pre-growth substiate
low melting point (1800) SnPb solders[6]. The preparation at a temperature of less than 400°C.
alignment accuracy between the top and bottom layers
was assessed using verniers and found to be better than
2 pm. A flux-less technique for the mounting of lasers
and laser arrays based on AuSn eutectic solder has also Acknowledgments

becn developed[l], and arrays have been mounted using The author would like to acknowledge the assistance of
this process with no observable performance
degradation- all the members of the OLIVES team. The work was

supported by the Commission for the European
Communities under project 2289.
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ABSTRACT transmitters and/or the detectors is used.
Chip to chip interconnects can, for ob-

To realize optical interconnects of arbi- vious reasons, be made in the space above or
trary design, space-variant optical ele- below the chip plane if free space optics
ments are necessary. For such applications is used. Optical fibers provide an optical
planar holographic optical elements (HOE) alternative to free space chip-to-chip
offer the highest degree of flexibility and interconnect systems, however for complex
ease of production, however their diffrac- interconnect systems it may be difficult to
tion-based operation gives rise to chroma- make a suitable fiber structure. Comon to
tic aberrations. If semiconductor lasers all solutions of optical interconnecting
with poor wavelength stability are used as systems are planes containing the electro-
optical sources, the problem of chromatic nice, the transmitters (e.g. laser
aberrations can seriously limit the opera- diodes/8,9/) or receivers (photodiodes) at
tion of a HOE. In this work estimates for the other end of the interconnecting stage.
the number of independent space-variant in- Since the free space optical interconnects
terconnects, their spatial tolerances and are rather short and accordingly free from
their wavelength stability are considered. dispersion, the upper cutoff frequency of

the optical interconnect is determined
1.INTRODUCTION mainly by the electronic elements. Even with

long range interconnects data rates of up to
Optical interconnects enable the tranemis- 10 GHz were reached /10/. Therefore, the
sion of ultra high frequency signals with limits for chip-to-chip interconnects and
small crosstalk and rather low waste energy switching networks are mainly determined by
per interconnection. As a consequence the the heat dissipation problems in the trans-
superposition principle, transmission lines mitter and receiver planes and not by the
in free space may cross each other without effects of optical propagation.
interaction. This is in sharp contrast to In this publication only the optical fea-
electrical interconnects which exhibit tures of short range optical interconnects
strong crosscoupling effects especially with shall be discussed, as are:
high data rates. --- interconnect concepts,

Two applications for optical wiring --- packing density,
concepts can be identified, namely, fixed --- scaling laws,
pattern chip-to-chip (or board-to-board) --- croestalk,
interconnects/l,2/ and reconfigurable swit- --- chromatic tolerances,
ching networks or bus systems where the --- sensitivity to misalignements,
interconnect path is selected out of a num- --- packaging concepts.
ber of fixed interconnects by means of so-
called exchange bypass modules (EBMs) 2. INTERCONNECT CONCEPTS
/3,4,5,6,7/. In all free space interconnect
concepts the dimension perpendicular to the A general feature of optical interconnects
planes containing the electronics and the is that light must leave the board/chip-
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plane in order to give room for the inter-
connect fabric, i.e., the light leaves the X HO8 am

board-plane perpendicularly (or some angle). in

Optical elements necessary for such inter- R R
connects are:

- -collimating orTT
focussing elements, and

deflecting elements.
From the point of view of realizing such -o,8

'
m  out

elements, gratings, or more general, holo-
grams seem the most promising. These ele- Interface D1- -MLIIneace

ments may be planar and can be configurated D - LBp
in arbitrary manner as dictated by the C"- -MC' o d u I
design. As has been shown/ll/ HOEs can be
used to collimate and also to deflect light
(collimation embraces deflection). Fig.l Schematic for a 3D-optical switching

However, diffractive elements typically network. The network allows for the in-
redistribute the incoming light into seve- terconnection of N inputs with N outputs in
ral diffraction orders which result in a arbitrary order. It consists of several
waste of the light necessary to drive the identical stages having a transmitter pla-
next stage. The concentration of the light ne, an optical free-space permutation net-
into one diffraction order can be achieved work using HOE-arrays, and a receiving pla-
either by using thick holograms /12,13/ or ne with photodetectors as inputs. These pla-
by using blazed grating structu- nes are working electronically and allow
res/14,15,16/. Thick HOEs are generated by for logical next neighbor operations and
the exposure of thick light sensitive mate- are in this design assumed bifacial.
rial, e.g., dichromated gelatin (DCG) to a
two beam interference pattern. Blazed HOEs deflected in a predetermined manner. The
are generated with the help of lithographic HOEs collimate, deflect, and focuse the
techniques. The difference between the two light originating from the transmitter plane
approaches is that thick or volume HOEs onto the receiving plane in such a manner
have a high carrier frequency, whereas due that each transmitter is connected to one
to their realization as phase relief struc- receiver in the wanted order. That means
tures and due to difficulties with com- each interconnected transmitter/receiver
puting and writing computer generated HOEs pair requires a different (space-variant)
have a lower frequency content. Despite the- set of optical elements.
se physical differences both approaches are In Figure 2 several approaches to casca-
subject to similar physical tolerances sin- ded switching networks are shown (1 stage
ce the network or interconnect geometries of such a network only). Fig.2.1 shows a
especially have very similar character. realization using space-variant CGH-arrays.

These arrays are preferably used with in-
2.1.SWITCHING NETWORKS line arrangements, since the frequency ran-

ge for the CGH is rather small on the
Switching networks enable the arbitrary in- condition that the numerical aperture of
terconnection of N inputs with N outputs. the laser is below 0.2. Fig.2.2 shows an
The straightforward solution to this problem arrangement with DCG HOE. Here an in-line
is the crossbar which requires N2  switches. arrangement can only be attained if one
One proposed optical solution /17/ works additional mirror is used per stage. The
with a spread of the input signals into optical path length is about 42-times lar-
matrix form and masking to get the output ger than in the previous case. Due to the
which causes a fanout loss of N. Cascaded high spatial carrier frequency the HOE is
switching networks on the other hand save very sensitive to variations of the laser
switches and have the advantage that only frequency with temperature.
small fanout values are necessary /7/. Such So far, both functions (focusing and de-
networks usually consist of planes con- flecting) are carried out by one HOE, ne-
taining switches in matrix arrangement which vertheless, for reasons of symmetry at least
carry out exchange bypass operations for two HOEs are necessary per stage. We now
next neighbouring channels and of inter- consider arrangements where the collimating
connect modules, e.g., made from HOE-array and the deflecting functions are assumed by
optics (Fig.l). These interconnect modules different HOE@. Such an arrangement is
provide space-variant permutations. The called a Oclose cascadefl18/.19/. The
light from each channel is collimated and primary advantage of the close cascade is
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-.CW GHO combination is applicable for setups in
W /transmitted light and, with the addition of

one mirror, also in reflected light. Due to
the uncompensated high carrier frequency of
the DCG-HOE the main disadvantage of such a
solution is its wavelength sensitivity. This
disadvantage can be overcome if a grating
having the same spatial carrier frequency as
the DCG-HOE is added, but, needless to say,
the reduction in wavelength sensitivity is
paid for a by a loss of efficiency and a
reduction in the signal- to- noise ratio.

____ Stray light becomes the main problem of
acascaded HOEs.

2.2.CHIP-TO-CHIP INTERCONNECTS
Fig.2 Interconnect philosophies using holo-
graphical optical elements for the stage of Similar interconnect philosophies can be ap-
a 3D-free-space switching network, plied to chip-to-chip interconnects
2.1.) Computer generated holograms used for /20,21,22/. Here the interconnect
collimation and deflection, geometries are not as regular as those of
2.2) Volume-HOE-version (DCC) incorperating switching networks. Since the
a mirror to make in-line geometry possible. interconnection is made on the same chip
2.3) Use of the close cascade of two Vo- or board, solutions similar to Fig. 2.3.1
lume-HOE (DCG) each one at the transmitting are suitable. The reflecting mirror or
end and one at the receiving end of the prism should be subdivided to reduce weight
stage. and space needs. The plate thickness of the
2.3.1) Same as before but designed for re- light guiding plate should be greater than
flected light electronical planes. required by diffraction theory (typically a
2.4) Combination of CGH and Volume-HOE(DCO) few mm's to provide mechanical stability).
to provide for the collimating and the de- Fig. 3 shows a proposal with a stacked
flecting functions of the interconnect, interconnect plate. The inlout-coupling of

the light is taken over by a close cascade
array. If permutations or other irregular

that the chromatic aberrations of the holo- interconnect patterns are not required the
graphic interconnect can be minimized and second HOE can be replaced by a blazed
can be made to depend only on the remaining grating. The grouping of the chip in- and
deviation angle necessary for permutations. outputs in lines or rows should not be a
Further, the generation of an array of
identical collimating lenses is more easy
than a more complex HOE. The seperation of
the functions enables for the deflecting
HOE-array the use of nearly plane waves
during the exposure of the HOE alleviating
the production process considerably. The ae
close cascade of two DCG-HOEs is represented
in the arrangement of Fig.2.3. The first
array consists of identical HOE-lenses, the
task of the second DCG-HOE is to redirect
the nearly-planar incident waves according
to the permutation or interconnect rules
realized in the stage. The addition of two ±-
mirrors or a rectangle prism allows the oPtCW wi s
same principle to be applied also in UtmdI[
reflected light (Fig.2.3.1). If the expense
in computation time can be reduced the use IdPk-
of CGH elements within a network structure
becomes more attractive. Therefore, the com-
bination of CGH lens arrays with DCG Fig.3 Chip to chip interconnect system us-
deflection holograms is a suitable choice, ing volume holograms of the DCG-type. The
since the advantages of both techniques can flOE combination provides for the focusing
be exploited. The main advantage is the and the reflective optics for the light
ideal correction of the lens aberrations for deflection. The deflecting element is stack-
the collimating lens array (Fig.2.4). This able for 1D and 2D applications.
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severe restriction on design freedom. As a
matter of course, from the very beginning of
the network design of the electronic
circuitry should take into account the needs
of the optics._

The deflecting HOE can of course make HOe

permutations in the line geometry itself " "
without requiring a change in the light HOE
guiding plate thickness. Also, two-di- Chip-plan

mensional interconnects could be arranged
(Fig.3, below), in the sense that single Fig.5 Clock distribution incorporated into
lines (or groups of lines) or rows can be chip to chip interconnect. For this purpose
connected with the help of a single element. a Damnann grating is used as fanout ele-
Full flexibility can be attained with the ment.
design of Fig.2.3.1 at the cost of weight
and space for the optical elements.

The same optical system may be used in
case of board-to-board interconnects (see Pntaprim Pntapnsm
Fig.4). Here also the area above the boardPeapimPnarm
plugs can be used to make arbitrary board- Distance Etalon
to- board interconnects, but the positioning
accuracy for the loci of the laser transmit-
ters becomes a major difficulty. To achieve , HOE
the desired operation the interconnecting _ _ _ _ _ _ _ Close
HOE inputs must coincide with all of the Cascade
single laser diode positions. The mechani-
cal lateral and axial tolerances of such a Chip Plane
setup are dealt with in chap. 5.

The simple interconnect pattern discussed Fig.6 Pentaprisms used as reflecting
above can be expanded, e.g., by inclusion of devices.
fanout elements in form of phase relief
gratings (Fig.5). The fanout signals are strongly to lateral shifts. A shift of the
redirected by an additional HOE-array. In device by s gives rise to a ray shift of -2s
this way an achromatic clock distribution in the receiving plane. This enables the
system can be included in a general bus adjustment of small production tolerances of
system. the HOEs.

The tolerance stability of the 900-
deflection can be improved by using 3. PACKING DENSITY AND SCALING LAWS
pentaprisms (Fig.6). Such a device is
invariant against tilt, but, responds All free space interconnect schemes more or

less exploit the dimension perpendicular to
the chip surface to install the 3-
dimensional interconnects.

view from the side view from above Because of the similarity between in-
terconnect structures for switching net-
works and for chip-to-chip interconnects,
the following discussion assumes the geo-
metry represented in Fig.7. For our estima-

** - tee a few simplifications of the in-
terconnection geometry will be useful.
Throughout our discussion full symmetry bet-
ween the transmitting and receiving ends of

ard the interconnecting stage is assumed. The
HOEs are assumed thin (compared with the
interconnection length) and planar. The
length of the arrays is a. Since the grea-
test distance to be bridged in the array is
on the order of a, it is adequate to make
the distance between the arrays also a. In
this way the inclination angle for permuta-

Fig.4 Board to board interconnect system. tions is smaller than 45 degrees and for a
The device is similar to that of Fig.3, shuffle permutation typically < 25 de-
except that the light path length is larger grees. The subapertures of the single HOEs
due to the greater distances to be covered, are quadratic in size to guarantee a high
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Since the number of channels in one di-Transmitter Receiver mension is given by * - aID, the number

of channels which can be packed into one
plane is:

D
------ N - a/2k. (2)

For X - 0.85 jM and varying dimensions a
C (distance between transmitting and receiving

end of the stage, being assumed equal to the
lateral dimensions of transmitter/receiver
plane), Table 1 lists the necessary pixel
sizes, and numbers of possible in-

a terconnects.

HOE1 HOE2 4. CROSSTALK

For a worst case estimate of crosstalk a
Fig.7 Scheme for the estimation of the matrix array of transmitters and detectors
diffraction effects of the light passing is assumed. The elementary cell of such a
from the transmitting side to the receiving periodic structure is assumed to have an
side of one stage of a switching network. area FEC and the detector an area of FpD.

The area of the entire array is FAR. The
fill factor. Due to the focusing properties HOEs have a diffraction efficiency n. Due
of the first HOE, the intensity dis- to free space propagation between the two
tribution in the second HOE-plane can be planes containing the HOE-arrays and due to
calculated using Fraunhofer approximations, vignetting at the rim of the receiving
The intensity distribution has a sinc2x- HOE, there is a free space loss characteri-
character provided constant illumination is zed by a diffraction masking factor K. The
assumed in the first HOE-plane. If a sub- angle characteristic of the laser is assu-
HOE in the first HOE-plane has an edge med to be well within the aperture of the
length of D, then the spread D' in the collimating HOE. The crosstalk will be esti-
second HOE-plane is: mated for the case that the aperture angle

is illuminated with constant intensity
D' - 2aX/D, which is zero outside this angle. For the

sake of simplicity the diffraction efficien-
where D' is assumed to be the distance cy of all HOEs are equal and the main part
between the first positive and negative of the stray light is undiffracted light.
minima of the diffraction spot. More than We consider here a cascade of 4 HOEs, two
80Z of the light (encircled energy) is sa- on the transmitting and two on the recei-
ved in this way (Fig.10.). Since symmetry ving side of the stage (Fig.l). The light
D-D' is assumed, the extension of 1 pixel flux for the signal beam and the stray
in the HOE-plane is:

D - 42aX. (1)

a/mm D/pn N N Transmitter Receiver

1 41 590 24 -% R E,_)~/j
2 59 1150 34

5 93 2890 54 3. )F

10 130 5917 97

50 292 29320 171 H-.

Table I Scaling of a space-variant 0: Signal beam : Stray fight
interconnect stage with varying distances a lementary cell
between the transmitting and receiving end
of the stage. The lateral dimension of the
transmitter/receiver plane are assumed Fig.8 Schematic of one stage using close
equal to the distance a. cascade HOEs for an estimate of croestalk
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between neighboring channels. 5. CHROMATIC TOLERANCES
n: diffraction efficiency, x: diffraction
loss, FEC: area of the elementary cell of As mentioned above, the chromatic aber-
the HOE-array(equal to area of single sub- rations of HOEs restrict their usefulness to
HOE), FpD: light sensitive area of the some extent. For our discussion we assume
detector in the receiving plane. the laser diode to operate in a single mode

both axially and transversally. Neverthe-
light are depicted in Fig.8: less, the laser frequency is a function of
detected signal intensity: -EK 4, both temperature and laser current. The tem-
noise term 1: -E(1-n)FpD/FEC, perature of the device depends on the number
noise term 3: -Ex(l-n)n2FpDIFEC, of switching events that occur within the
noise term 4: -EK(l-n)n3FpDIFEC, network per time interval. There exist
where noise term 1 results from the contri- proposals to switch pairs of laser diodes
butions of all N laser diodes (here all wherein each pair transmits the signal and
lasers are assumed to be in the on-state) the negation of the signal or, similarly, to
and the noise terms 3 and 4 come from use codes with alternating on/off states. In
neighbouring pixels (in the Fig.8 ray paths this way one diode is always in the on-state
from neighbouring pixels have been omitted delivering a constant temperature for the
to keep the figure clear). For a worst case pair as a whole. This alleviates the situa-
estimate we consider a pixel in the center tion to some extent but is paid for with
of the array. With these terms a sig- factor 2 in channel capacity. An alternative
nal/noise ratio S/N can be established: solution - the Manchester Code - uses the

transitions between low and high signals to
S/N-[Kr 4 /((l-n)(l+KT 2+Kl3))]*FEc/FpD. (3) define the message. A better solution is to

use an achromatic HOE array and very low
The main gain in SIN is due to the fill threshold currents for the laser diode.
factor FEC/FPD of an elementary cell. The However, if the purpose of the HOE is to
light sensitive area FPD should be chosen as deflect or to focus light no achromatic HOE
small as possible as compared to the area of is possible. A combination of two HOEs can
the elementary cell FEC but of course at reduce the chromatic aberrations if the
least as large as the Airy-disc of the carrier frequency of the HOE is high as in
signal beam and, in real situations, should the case of volume or DCG-HOEs. The close
actually be several disc diameters large. cascade/18,19/, therefore, considerably
For a typical example with FEC/FpD - 100, n increases the flexibilty of the HOE-concept.
- 0.9, K - 0.8, then SIN - 220 or 23 dB. For an estimate of the effects of wave-

The S/N-ratio grows considerably if the length drifts or variations across an array
packing density decreases, i.e., if the num- once again the system of Fig.1 is used. The
ber of necessary interconnects per board most obvious effect of a wavelength change
area is well below the diffraction limit is a change in the direction of the diffrac-
(Eq.(2)). As a typical example consider 256 ted beam. For volume HOEs a second more
(16x16) interconnects per 50x50 nn2 device notorious effect is that the diffraction
area. From packaging density considerations efficiency requires the fulfillment of the
the area of each sub-HOE is 3x3 nmn2 and a Bragg condition. Thus, a change in X leads
fill factor of 104 (FpD-30x30m 2) and there- to reductions in the diffracted intensity
fore a SIN > 40 dB. In the case of chip-to- and, with increasing X, to increased cross-
chip interconnects, from Fig.3, the first talk.
term does not contribute to Eq. (3) since Variations in the direction of the dif-
the majority of stray light harmlessly lea- fracted beam lead mainly to a decrease in
ves the device. Therefore, even when HOEs the signal intensity and a corresponding
having medium diffraction efficiencies are increase in stray light. The distance bet-
used, it is possible to realize a low noise ween the transmitting and the receiving
optical interconnect. HOEs is responsible for this. This distance

To avoid speckle maintaining the mutual can be large in the case of chip-to- chip
incoherence of the single lasers is of interconnects or must be great enough to
utmost importance /23/. Otherwise 'hot allow for permutations in the geometric or-
spots' in the speckle pattern can degrade der of different beams as is necessary in
the situation considerably. In any event, a switching networks.
crosecoupling of the lasers must be avoided In a first approach it is possible to
to guarantee the independence of the neglect the Bragg-effect, since the wave-
individual channels. length tolerance is mainly determined by

the geometrical mismatch. Therefore, the wa-
velength tolerance for the laser can be
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Transmitter Receiver

. .............

L.2

a i I

HOEI HOE2 Fig.l0 Encircled energy of a stage using
close cascade HOEs in dependence on the

Fig.9 Scheme for the estimation of the mismatch due to a wavelength shift.
wavelength tolerance of the HOE-fabric. a:
diffraction angle of focusing HOE,
a': resulting deflection angle due to the
necessities of the permutation network,
do': mismatch angle due to wavelength shift acceptable (meaning a loss of 2Z of the
of the transmitter, q: mismatch factor encircled energy by the subaperture of a

HOE, see Fig. 10) aa' becomes:

a8' S q Dia- q 42ka (5)
estimated with the help of the grating equa-
tion. For our discussion the geometry given or, using Equ.(2):
in Fig. 9 is used. The primary ray from the
laser is incident upon the collimating HOE, bm- S qI4.
is diffracted in the direction m, where,
for the first diffraction order the fol- With this value and a a' of about 25 degree,
lowing holds: which is typical for the perfect shuffle

permutation, we arrive at:
d sin a -
d' (sin z + sin cL') - X, ak - X q/tan m'O. (6)

with d and d' being the grating constants of Equation (6) holds only for diffraction-
the cascaded HOEs and limited design.

Consider for example: X - 0.85 Mn, ot' - 25
deg., q - 0.2, N - 1024, which yields ak -

sin a' - X(l/d' - lid). llnm.
This estimate is however only valid for

The first derivative am'Iak is then: phase relief gratings. Further reductions
in the transmitted energy are due to the

X bm'/aX - tan at' Bragg-effect. Using Kogelnik's estimate a
or variation of about X-llnm leads to reduc-

8X/A - ax'/tan oi'. (4) tions in the diffraction efficiency of only
1-22 (see ref. 1131).

For a given 8s' and a' the allowable a% As will be shown in the next chapter
can be estimated. 8a' is determined by the these values have to be further modified.
allowable shift of the center of gravity of The strict coupling between the values of a
the deflected light beam in the plane of the and N for diffraction limited design must
receiving HOE. Allowable in this sense be given up in favour of a more realistic
means that a shift of the central ray gives design in face of mechanical tolerances to
rise to a loss in efficiency and an in- be met. This will also reduce even further
crease in the stray light within the setup. the allowed wavelength variation for coarse
If the distance between consecutive arrays arrays.
is a and a 20Z shift of the main ray To illustrate this tolerance reduction
against the aperture of the single HOE is in more detail the case of a rather coarse
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array (16x16) covering an area of 50x50 mu2

is now considered. The photosensitive area
of the detector is assumed again to be
30x30 wi2 , the F-number, Ff. of the focu-
sing HOE is 1. and q-0.2. A wavelength | ._

drift of dX causes an angle deviation d':

do - qD/a.

This angular deviation causes a lateral
displacement of the focus:

- (qD
2 /a)F#.

Given the above values t - 36M, which is Fig.ll Scheme for the calculation of
too large to be tolerated. Although a lateral misalignement tolerances.
diffraction limited design for 16x16
channels allows for a dX - 22nm at 850nm, For example, if q - *0.2, D - l.Ss,, a -50
such a coarse array is by a factor 2 more mm, u - 200, then ? - 12.4pa, which corres-
sensitive to wavelength drifts than a ponds to N - 1024 interconnects. For the
diffraction limited array for 256 channels, diffraction limited packaging density the
The wavelength induced lateral shift makes tolerances become extremely small:
mandatory a low F-number design for the i.e. for q - 0.2, u - 260 (corresponds with
focusing elements. FE - 1), t = 0.4k.

The distance etalons should, under opti-
6. SENSITIVITY TO MISALIGNMENT mum conditions, guarantee the focus length

due to the Rayleigh limit to an accuracy
In the following it is assumed that the t/24/:
HOE-arrays are ideal, i.e. free from pitch
errors. The close cascade is composed of a k - /2(sin2u), (9)
collimating array of identical HOE-lenses
and a deflector array for nearly plane wa- which, using above values, yields t - *
ves, each deflected into different direc- 2.6k. A more relaxed condition would
tions. The whole interconnect fabric uses tolerate a defocussing by:
two close cascades for symmetry reasons.
These arrays must be mutually adjusted in 1 - p/(4tan u),
such a way that the light from the laser
diode arrives in full strength at the detec- with p being the cross section of the
ting diode. Each array of elements has 6 photodiode. This gives a defocus value
degrees of freedom in space. If the rela- - p/2 for Ff - 1.
tive distances are fixed by mechanical dis- The most critical interface area is, the-
tance etalons, then there exists only 3 refore, the focus region between the laser
degrees of freedom for each close cascade, and first HOE and between the last HOE and
two lateral translations and one rotation the photodetector plane. The interfacing of
about the array normal. plane waves is not so critical if the varia-
An estimate for the lateral adjustment tion of the deflection angles of the diffe-

tolerance is now given. If the laser diode rent plane waves is kept below 300. With
is shifted laterally by t from its ideal the above given value q - 0.2 the lateral
position, the aperture angle is u, and the and axial tolerances are on the order of a
HOE-diameter, D, then the following geo- few 100 m.
metric relation holds (see Fig.ll):

7. PACKAGING
- qD2 /(2a tan u). (7)

In this section possibilities are discussed
For example, if q - 0.2, D - 1.5mm, a - for adjustment support systems that could
50mn, u - 200, then t - 12.4 M, which help with the design and construction of
corresponds to N - 1024 interconnects. For such cascaded networks (see e.g. /251). In
the diffraction limited packaging density a cascaded setup, distances between diffe-
the tolerances become extremely small: rent optical elements (here HOE-arrays),

the directions of light beams which are
- qk/tan u, (8) coupled to the HOE-arrays, and the direc-

tional spectrum originated by the previous
stage can be fixed beforehand.
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-50 X-Mok, p - -30m,
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Fig.12 Proposal for the packaging of an on- dL=2lm

line switching pipeline for switching (dld- E 
=  a--

applications. 
C 22m

Distances such as focus distances or dis- Table 2 Sumary of the tolerances for a
tances between the different stages can be single interconnect stage with a distance of
fixed by distance etalons (Fig.12). Lateral 50 mm between the transmitting and the
positions on the HOE-arrays can be measured receiving planes.
by means of integrated fiducials and, after
adjustment, the position can be fixed using
cement. For high numerical aperture
systems, the accuracy of the etalon length ACKNOWLEDGMENTS
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Abstract enhancement of resonated holograms and on tunable
resonators. Fabry-Perot resonators are fabricated using

Enhanced diffraction efficiency of a grating placed inside two reflection Lippmann holograms instead of typical
an optical resonator is reviewed. This concept, multilayer dielectric coatings or metallic mirrors.
implemented with multiplexed holograms inside a Simultaneous recording of two high efficiency reflection
tunable resonator, can be used for reconfigurable optical gratings removes mirror alignment problems. In
interconnects. Experimental results on resonated addition, slanted reflection gratings can be used for the
holograms and tunable resonators are also presented. mirrors which permits the resonance direction to be

designed at any arbitrary angle.
Introduiction

Resonated Hnlo'gamg
The benefits of using optics for interconnects between
electronic processors lie mainly in the fact that optics The simplest case of a resonated hologram is a
offers highly parallel operation, low crosstalk, and high diffraction grating, of either reflection or transmission
bandwidth. If optical switches are incorporated in the type, placed inside a Fabry-Perot resonator. In
system to permit reconfiguration of the interconnect resonance, the peak diffraction efficiency is a function of
network, greater system flexibility can be achieved. the initial hologram efficiency and the characteristics of

The enhanced efficiency of holograms placed in the cavity: mirror reflectance and cavity losses.
optical resonators has been proposed for the use in Derivation of the effective efficiency of resonated
passive interconnects [1-31, for active devices [4], and holograms can be found in Ref. 2. The effective
for dense wavelength division multiplexing [5). If a efficiency of a hologram inside a Fabry-Perot resonator
diffraction grating is placed inside a resonator, such as a in resonance is:
Fabry-Perot resonator, its interaction length, and
consequently its efficiency, can be significantly y= H(1_-R)a_
increased because of multiple paths of the optical beam [I1 - H)a12]
inside a cavity in resonance. As a result, a combination
of the characteristics of diffraction gratings and optical
resonators is achieved: 1) the direction of light can be where H is the initial hologram efficiency, R is the
changed and 2) the efficiency of the diffracted beam mirror reflectance, and al and a12 are absorption
exhibits peaks similar to that of a Fabry-Pert resonator coefficients for one pass and round trip pass in the
and can be enhanced, if the cavity is in resonance. If the cavity, respectively. For example, if the initial
cavity can be tuned, the features of resonated holograms diffraction efficiency is 1% the effective efficiency in a
can be utilized for switching of light beams in optical Fabry-Perot cavity increases to 25% in a lossless cavity
interconnects, because the diffracted beam can be turned with mirror reflectances 99%. In the more general case
on or off. Multiplexed holograms, recorded in a volume of a four mirror resonator the effective efficiency may
holographic material, placed in a resonator will permit increase up to 100% if the structure is lossless. If the
reconfiguration of one-to-many interconnects: as the cavity is out of resonance, the effective efficiency is
cavity is tuned, different sets of holograms are selected. suppressed. Figures I and 2 show the peak efficiency of

We also present our experimental results on efficiency resonated holograms in a single and a double Fabry-
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Perot cavity for the more realistic case where 1% round Reconfilurable Interconnects
trip cavity loss was assumed, i.e. al2 = 0.99 and
al = 0.995 in Eq. (1). These curves illustrate how the The resonated hologram structures can be used for
efficiency of the grating and mirror reflectances can be switching, if a tuning mechanism is introduced in the
optimized to achieve the strongest efficiency structure, as shown in Fig. 3. Tuning can be achieved
enhancement effect. It should be noted that the by modulation of the refractive index inside the cavity
efficiency enhancement occurs only for low initial using electrooptic substrates, e.g. PLZT, liquid crystal,
hologram efficiency. Interestingly, the effective or by mechanical modulation of the cavity length. A
efficiency characteristics of a Fabry-Perot resonated single diffraction order of the resonated hologram can be
hologram are the same whether the resonator is placed switched on or off using a tunable Fabry-Perot resonator
in the direction of the incident beam, as shown in or a four mirror resonator (see Figs. 3a and 3b). The
Fig 1 or in the direction of the diffracted beam. This contrast ratio of the switch is strictly dependent on the
feare can be helpful in designing structures with contrast of the resonant cavity, i.e. the ratio of the
multiplexed holograms, maximum to the minimum transmitted intensity. This

contrast, for a lossless cavity is:

>- C = ~Tmax (1+ R) (2)Uno resonator .i _1(21

To1 R(2
0Thus, with mirror reflectances - 95%, 30dB contrast of
O 0.4- the diffracted beam can be achieved. Because the slope

..0% of typical Fabry-Perot resonators is steep, high contrast
0.3" OF modulation of the diffraction efficiency can be achieved

with small driving signals.
... ...................... Figure 4 shows a possible interconnect configuration

909[ .. where the resonated hologram is a multiplexed volume
0.1 ,... hologram. The input beam is incident on the structure

99cio at an angle 0, not within the range of the resonant
cavity. The hologram placed inside the resonator

0 .6 0.8 diffracts the beam into the resonator. In one resonance
0.2 0. A Econdition, a set of multiplexed holograms is enhancedINIIAL HOLOGRAM EFFICIENCY to provide an interconnect pattern. The diffraction

Figure 1. Effective diffraction effit--acy of a grating Incident Beam
placed inside a Fabry-Perot resonator for different values
of mirror reflectance and for 1% round trip absorption Tuning
loss in the cavity. Element

DiffrationfBame

0.8-f o Mirror
(a)

0.6
Incident Beam

0.4 Tuning
Il ant 4iface

0.2 50% Diffraction Bea

10. . ............ Grating

0.2 0.4 0.6 0.8 -

INIAL HOLOGRAM EFFICIENCYJ
Mirrors

Figure 2. Effective diffraction efficiency of a grating (b)
placed inside a four mirror resonator for different values
of mirror reflectance and for 1% round trip absorption Figure 3. (a) Fabry-Perot resonated grating (b) Four
loss in the cavity. mirror resonated grating.
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Collimated Multiplexed Tunable Mirrors Selected Output Beam

Wave
n 7 Tansprent Grating Couplers

iElectrodes Waveguide

Figure 5. Array of tunable resonated waveguide gating
J couplers.

Plane With Photodetector Array peak separation to the peak width), high finesse is
desired in this case. The finesse of a lossless resonator

Collimated ..[Multiplexed Tunable depends only on mirror reflectance:

Input .f ' I Resonated Hologram Atv ae
Beam , 0,i F=xf

I l-R

~To achieve crosstalk levels less than -20diB the
interconnect channel separation should be at least five

~times larger than the resonance peak width. Thus in a~resonator with mirror reflectances 95% about 12
~independent channels can be supported.

of gratings and tunable resonators (see Fig. 5). The
efficiency of the gratings may be independently
enhanced if the corresponding resonator is tuned to
resonance. This stnicture is particularly suited for the
use with waveguides and gaing couplers and could be

Plane With Photodetector Array used for back plane interconnects. The ends of the
waveguide can be polished and coated with high

,l pPddressed Nreflection coatings to form an integrated optics verion c.
Nodea 3 mirror or 4 mirror resonated hologram.I Inactive Node

Exnerimnental Results
Figure 4. Reconfigurable optical interconnect using amultipled resonated hologram in a tunable cavity. Holographic Resonators

Fabrication and alignment difficulties of resonatorangles are designed to match the angles at which mirors can be alleviated if holographic reflection
resonances occur. If the cavity is tuned to a different gratings are used [6]. In this process, two reflectionresonance condition, by less than the free spectral range holograms are recorded simultaneously in holographic
of the Fabry-Perot resonator, another set of multiplexed material thin film coatings deposited on both sides of a
holograms is enhanced, and a different interconnect substrate. As a result, two self-aligned mirrors arepattern is formed. These interconnect patterns are obtained. After processing of the holographic material a
prercolded in the multiplexed hologram. Tbediffracted good quality fringe pattern can be observed under
beams of one multiplexed hologram may range over illumination with a diverging beam, even if ordinary
several free spectral ranges of the resonator. In order to glass substrates are used
maximize the angular range of the interconnect the We used dichromated gelatin (DCG) holographic
cavity length has to be kept small. With a 100 ttm material of thickness 15 run, spin coated on glass
cavity length the useful angular range (about 4 free substrates. Lippann holograms were recorded using
specaul ranges) i ±7i. Because the number of channels collimated argon laser beams and w designed forthat can be incorporated in the interconnect is reconsrction with 633 nm He-Ne laser beams. The
proportional to the r tor finesse (ratio of e spectral half-width of the reflection gratings Ts

"~us wit navgue andm gratin couplers and could ......... e
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Resonance High Reflectivity Glass Substrates With Io
Direction Holographic Minors Conductive Coatings

DCG Coating I Li u d ' \
• Crystal

Glass Substrate

(a) (b) Electrical
Et 3O- Wie (a)

Ij High ReflectivityA Antireflection Holographic Mirrors
(C) Coatings Glass Substrates

PZT Elemant'b AirP,, Gap

F i g u r e 6 . H o l o g r a p h i c F a b r y -P e r o t r e s o n a t o r s : ( a ) w i t h - Z- E l e m e n t A i r G a p
Lippmann gratings, (b) with slanted gratings, (c) and
with multiplexed gratings.

- 40 rm. At the peak wavelength, the reflectance was Fixed Spacer
typically 95%. With these resonators we obtained a Electrical 500i
finesse of 20 using glass subauates coated with the Wires
holographic material on both sides, as shown in (b)
Fig. 6a. Maximum contrast of 52 was obtained. The
reduced finesse in comparison with the theoretical value Figure 7. Tunable holographic Fabry-Perot resonators:
for the given reflectance was attributed to the absorption (a) using a liquid crystal cell (b) using a piezoelectric
losses in the cavity. A variety of free spectral ranges transducer.
was achieved using glass substrates of thickness
between 140 gm and 2.5 mm. thichness 500 gim. Tuning over one full free spectral

Using the holographic method we have recorded range was achieved by changing the bias voltage by
slanted gratings and achieved resonances at angles -lV to change the refractive index seen by the incident
perpendicular to the Bragg planes, as shown in Fig. 6b. polarized beam. The finesse of the liquid crystal tunable
Optimization of the recording and processing parameters resonator was -5 owing to some scattering caused by
in the case of slanted resonators was more difficult than glass spacers inside the cell, absorption losses, and
in the case of normal resonators because of the DCG index mismatch between the liquid crystal and the glass
film properties. Due to nonuniform film swelling substrates.
during processing the peak wavelength shifts, as well is Piezoelectric transducers (PZT) were used as another
the Bragg planes become distorted. However, we have tuning mechanism (see Fig. 7b). In this case two glass
obtained finesse and contrast values similar to the plates with holographic material coatings were attached
normal resonators. We have also fabricated multiplexed permanently to a PZT, and the reflection gratings were
Fabry-Perot resonators which can be utilized for the four recorded. The separation between the mirrors could be
mirror resonated gratings, as shown in Fig. 6c. One set by selecting the thickness of the spacers. Typical
set of gratings had Lippmann hologram Bragg plane; spacing of 500 pm was sed. However smaller
for reconstruction with light incident normal to the spacings could be potentially obtained using glass
plate. The other set of gratings was slanted. To ensure microrods, as is done in fabrication of liquid crystal
independent operation of the two sets of gratings the cells. The resonator was tuned by applying voltage to
angle between thei- wavevectors had to be greater than the PZT which moved the two plates apart, and
150. The diffraction efficiency of the multiplexed effectively changed the round trip phase shift between
resonators was decreased to less than 50% because of the mirrors. Because only an air gap was used between
saturation of the holographic material. The multiplexed the mirrors, and the substrates were coated with anti-
resonators can be improved if the recording and reflection layers, the finesse was higher than in the case
processing are optimized. of the liquid crystal resonator, up to -10, and the

maximum fringe contrast was 37. The voltage used to
Tunable Resonators tune the resonator by one full free spectral range
Tunable holographic Fabry-Perot resonators were depended on the type of PZT and the size of the plates,
recorded on liquid crystal cells with nematic liquid and ranged between 30V and 400V.
crystal of thickness 6 Ln (see Fig. 7a) and glass
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Incident Beam Fabry-Perot resonators in which simultaneously
Diffracted B DC3 film recorded holographic reflection gratings are used to

replace traditional metallic or dielectric mirrors.
.Z# 130 Holographic resonators can be fabricated on any

transparent substrate, they do not require any alignment,
I ,I and they can be multiplexed to form extremely compact

1,v 4 multiple mirror self-aligned resonators. We
demonstrated tunable resonators fabricated with the

Glass plate holographic technique. Tunable resonators can be used
to enhance and modulate the diffraction efficiency of
gratings placed inside the resonators. The potential
applications of this technology are for opticalHolographic Low Efficiency interconnects, optical modulators and switches, beam

resonator Graing scanning, and efficient coupling into waveguides.

Figure 8. Resonated hologram structure.

Passive Resonated Holograms 1. S. A. Collins, Jr.,"Optic;al interconnects using
We have performed preliminary experiments with resonated holograms," in Technical Digest of
holograpluc resonators used to enhance the efficiency of Topical Meeting on Optical Coriuting (Optical
weak diffraction gratings. A slanted holographic grating Society of America, Washington, DC, 1987), paper
with 2% efficiency, designed for deflecting an incident ME5.
normal beam at a 300 angle, was protected with a glass 2. P. C. Griffith and S. A. Collins, Jr., "Efficient
cover slide and used as substrate to fabricate a slanted holographic optical interconnects using resonated
holographic Fabry-Perot resonator, as shown in Fig. 8. holograms," opic 2U. 2sing (1988).
With the resonator, efficiency enhancement by a factor holograms," SPIE 9and 240-254 (1988).of 8 was observed. Because this resonated hologram 3. S. A. Collins , Jr. and H. J. Caulfield, "Optical
of was ber v. Bieglass substrate, it was tested holographic interconnects: categorization andwas fabricated on a passive gls usrti a etdpotential efficient passive resonated holograms," J.by observing the angular characteristics using a pt Soce assive568o1577 (1989).diverging beam focused on the plate. Opt. Soc. Am. Af6, 1568-1577 (1989).

4. W. H. Streier, G. T. Kavounas, R. T. Sahara, and
Cnclin s J. Kumar,"Enhanced optooptical light deflection

using cavity resonance," Appi. Opt. 27, 1603-1606
We proposed the use of tunable multiplexed resonated (1988).
holograms for reconfigurable interconnects. We 5. D. H. McMahon, W. A. Dyes, and W. C.
demonstrated an enhancement of diffraction efficiency by Robinson, "Novel bulk optic multichannel
a factor of 8 when a grating was placed inside a Fabry- resonator device for close packed wavelength
Perot resonator. This demonstrator was fabricated using multiplexing," Appl. Opt. 28, 2529-2537 (1989).
holographic techniques. Because the structure is based 6. C. P. Kuo, T. Aye, D. G. Pelka, J. Jannson, and
on a resonance effect, potentially high contrast T. Jannson, "Tunable holographic Fabry-Perot
modulation can be obtained if teh cavity length is tuned. 6talon fabricated from poor-quality glass
We presented a simple method of fabricating tunable substrates," Opt. Lett. l, 351-353 (1990).
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Abstract space optical interconnection architecture
named LISA ( Lightwave Interconnections

A novel architecture for free-space optical employing Spatial Addressing ). LISA
interconnections in 1 XN switching is proposed. combines optical array devices with simple
A 1X16 switch that uses the architecture is electrical logic circuits to form IXN switches.
implemented and demonstrated at 200 Mb/s. Large fan-out and high-speed switching

characteristics can be obtained because LISA
utilizes free-space optics for interconnections

1. Introduction while integrated electrical circuits perform the
switching operations. First, this paper presents

The metallic interconnections needed to link LISA's addressing principle and structure, then
processors and memories in advanced parallel it describes the implementation of a 1X 16 LISA
processing systems cause wiring congestion and that achieves 200 Mb/s data switching
suffer from undesired electromagnetic effects. operation.
The performance of multi-processor systems for
real time processing is currently handicapped by
the unsatisfied need for high interconnection 2. Principle and Structure of LISA
speed and large fan-out. Free-space optical
interconnections appear to be the best way of LISA comprises an input processing, free-space
overcoming these problems[I]. To more fully optical interconnection, and N output processing
use spatial parallelism, which is one of the sections. Data and address signals are
inherent characteristics of free-space optics, simultaneously transmitted from the input
many array devices such as laser diode, micro processing section to the N output processing
lens, and detector arrays, are being actively sections through the free-space optical
researched[2],[3]. Many free-space switching interconnection section. Each output
networks using spatial light modulators have processing section has a unique address which
been proposed[4] [5]. However, these takes the form of a binary pattern. Transmitted
modulators limit the network switching speed to data can only pass through the output
the microsecond order. Moreover, driving the processing section whose address agrees with
modulators requires particular control circuits the transmitted address. One feature of LISA is
and interconnections. its ability to apply the space parallelism of free-

To settle the dilemma associated with free- space optics to addressing.
space optical switching, we propose a novel free-

205



206 Photonic Switching

Free-s e optal iterconlction Pre-ampifier AND gate
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thring in tin AO a A. acit a e gree wt thutue tran t addres

differentially0 drive twol otclsuesnte otps"1", allutotesputpuelt"0ionthis wayISsource array, four lenses and four detector 0 1 DATA 0 DATA 0 0

arrays perform i X 4 addressing. 1 0 DATA a r DATA
A binary address is input in parallel to the F s Th s o a 0 4A

input processing section. The address signal is
2 bits long and each bit is input in parallelthrough input terminals AO and Al. Each bit address agrees with the transmitted address

differentially drives two optical sources on the outputs "I", all others output "0". In this way,

source array, with one optical source being LISA easily realizes the addressing function by

driven with the bit and the other with the just forming optical patterns on the source

inverted bit. In this way, the input address array.

signal is converted into an optical pattern on the Fig.2 shows the structure of a I X 4 LISA

optical source array. The optical pattern shown applying the addressing method mentioned

in Fig. 1 corresponds to the address signal o, above. Two address bits (AO , A) and data (Sin)

A )=(eo, 1s). are connected to the input processing section.

The free-space optical interconnection The optical source array is composed of 5

section forms duplicate optical pattern images sources. Four of them are for addressing and

the number of which equals the number oi the other one is for data transmission. The lens

lenses. The duplicated images are received by a array has 4 lenses to obtain four images of the

series of detector arrays. Each detector array optical pattern. Each detector array is
contains the same number of detectors as of composed of 3 detectors; two of them are for
input address bits, and has a unique pattern of addressing and the other is for data detection.
the detectors such that only in the addressed At each output processing section, the outputs of
array are all detectors activated by the signal these three detectors are amplified and input to
pattern. an AND gate. The result of the AND operation

The output processing section following is output from each output channel. Table 1
eachdetcto arry prfoms ND oeraion on lists input/output relationships of the 1 × 4 LISA

the outputs of the detectors. Accordingly, only shown in Fig. 2. Input data is output only from

the output processing section whose assigned the output channel which is designated by the
input address as shown in Table 1.
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Table 2. Specifications of the fabricated 1 X 16 LISA.

Array devices Device Spacing Array size

Source LD ( =70nm) 12mm 3x3

Lens Piano-convex 16mm 4x4

DflSmm, f--80mm

Detector PIN-PD D-5Ol1m 6mm 3x3

Optical system L=34Smm, If--230mm, lb=llSmm a-0.5

Processing device ECL100K

D:Diameter

LISA can be easily extended to a 1 X N
switch. LISA's free-space optical E 9
interconnections provide large fan-out
characteristics. Estimations considering
aberration and diffraction of the lens array
indicate a possible fan-out of over ten thousand
[6]. Also, since the switching operation is
carried out locally at the input/output
processing sections, high speed integrated
electrical circuits can be applied without Figure 3. Signal arrangement on the LD array.
suffering interconnection problems. LISA is
therefore suitable for interconnections from a
processor to a large number of memories and for 0 0 0
interconnections to distribute real time data to a
large number of processors in multi-processor 000
systems. It is also possible to apply LISA to a
self-routing switch network because switching is
performed only at the input side. (0,0,0,0) (0,1,0,1)

3. Experiment 0

To confirm the feasibility of LISA, a 1 X 16 LISA
was fabricated. The specifications of the 0 0
fabricated LISA are summarized in Table 2. A (1,0,1,0) (1,1,1,1)
3 X 3 laser diode ( LD ) array ( wavelength: 0.78 G:Detector for DATA
pm, element spacing: 12 mm) was used as the
optical source array. A 4X4 lens array was Q:Detector for Addressing
fabricated by arranging 16 piano-convex lenses Figure 4. Detector arrangements.
(D=15mm, f=80mm) with 16 mm spacing on a
glass substrate. Four detector arrays Input/output processing sections were fabricated
comprising 5 PIN-PDs with unique with ECL100K series devices.
arrangements were fabricated. The spacing Input signal arrangement on the
between the LD array and the plane of the fabricated LD array is shown in Fig.3. The
detector arrays was set to 34.5 cm. Lateral center LD is used for data transmission and the
magnification of the optical system was 0.5. other 8 LDs are for addressing. For instance,
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A2U. A3
(a) (b) CIL A(1111)

CIL B(OOOO)

CI. C(0101)

(C) (d)

Figure 5. Examples of the optical pattern. CH. D(1010)

when the address (A3 A2 Al AO)=(Ol01) is
input to the input processing section, LDs, A3, SnS/div
A2, Al,and AO in Fig.3, are active. The four
fabricated detector arrays have different Figure 6. Observred input/output signals.
detector arrangements. Fig.4 shows the
detector arrangements. At each detector array,
the center detector is for data detection, and the
other four detectors are for addressing. The
addresses of the fabricated 4 detector arrays
are,{ ( A3 A2 Al AO) = (0000), (0101), (1010), CI. A
(1111)1.

Fig.5 (a)-(d) show examples of the optical
patterns formed by the fabricated optical
system. Fig.5 (a) shows optical patterns when CH. B
all LDs on the LD array are driven. This is an
example of a broadcast interconnection. Fig.5
(b)-(d) express the optical patterns when the 20nS/dlv
input addresses are (0000), (1111), (1010),
respectively. In these three cases, the data
signal is transmitted only to the corresponding Figure 7. Switching operation for 200Mb/s.
address channel.

The fabricated 1x16 LISA was first tested the output channel designated by the input
to confirm addressing operation. Signals pulsed address signals; A2 and A3.
at 100MHz and 50MHz were input to the input Next, the switching of a 200Mb/s data
terminals, A2 and A3 respectively. Output signal was demonstrated. Fig.7 shows an
address signals from each output processing example of switching operation, where the word
section were observed. Fig.6 shows the pattern "0,1" at 200 Mb/s and repetition pulses
observed input/output address signals. In the at 25 MHz were used as the data and the address
figure, the upper two traces are the input signal. The figure indicates that switching
address signals, and the other four traces are operation between two output channels is
output address signals from each output correctly performed for each data byte.
channel. The address signal is output only from
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4. Conclusions T. Florez,"Two-dimensional array
microlasers for photonic switching," in

A novel architecture for free-space optical Technical Digest of Photonic Switching (The
interconnections has been proposed, which is Institute of Electronics, Information and
comprised of optical array devices and simple Communication Engineers, Kobe, Japan,
electrical logic circuits. The architecture, 1990), paper 12D-2.
named LISA for Lightwave Interconnections 3. W. H. Wu, L. A. Bergman, A. R. Johnston, C.
employing Spatial Addressing, acts as a 1 X N C. Guest, S. C. Esener, P. K. L. Yu, M. R.
switch. A 1 X16 LISA was implemented and Feldman, and S. H. Lee,"Implementation of
switching of 200 Mb/s data was demonstrated. Optical Interconnections for VLSI," IEEE

Trans. Electron. Devices, ED-34, 706-714
(1987).

Acknowledgments 4. K. Noguchi, K. Hogari, T. Sakano, and T.
Matsumoto,"Rearrangeable multichannel

The authors would like to thank S. Shimada and free-space optical switch using polarization
H. Ishio for their guidance and encouragement. multiplexing technique," Electron. Lett. 26,

10"25-1326 (1990).
5. P. D. Henshaw, H. M. Haskal, R. C.

References Knowlton, and P. B. Scott,"Applicability of
Laser Beemsteering for Rapid Access to 2D,

1. J. W. Goodman, F. I. Leonberger, S. Y. Kung, 3D, and 4D Optical Memories," SPIE, 963,
and R. A. Athale,"Optical Interconnections 200-213 (1988).
for VLSI systems," Proc. IEEE 72, 850-866 6. T. Sakano, K. Noguchi, and T.
(1984) Matsumoto,"Optical limits for spatial

2. J. L. Jewell, Y. H. Lee, S. L. Mccall, A. interconnection networks using 2-D array
Scherer, N. A. Olsson, J. P. Harbison, and L. devices," Appl. Opt., 29, 1094-1100 (1990).



AD-P0 0 7 410

Linked IWGaAs P Muliple Quanitm-Wen Modulator '"-

Arrays for Neural Network and Photouk Switchng N -
Application

M. A. Z. Rceian-C_, e, E 0. Scott, P. P. WeWb, ad P. icaky

British Telecom Research Laboratories Martlesham Heath, Ipswich IP5 7RE UK

Abstract implementation of neural network operating at
50MBit/s[21 . The electrical addressing of individual

The fabrication of a 10xl(10) array of line-addressed devices in such arrays becomes more dificult as the

coupled quantum well modulators, operating at 1.4 ljim, number of elements increases, with packaging of such
is described, large arrays for use in transmissive mode posing further

problems. For some applications, as in the neural

Introducti network demonstrator shown in Fig. 1, individual
modulators need not be addressed, and more extensive

Square arrays of InGaAs/InP MQW modulators are systems can be built and packaged by linking individual

attractive devices for high speed switching of optical modulators during the fabrication scheme, to provide

signals, especially where operation in transmission line-addressed arrays. Furthermore, by applying the

simplifies the system design. For example, simple 4x4 technique of double-sided epitaxy [3], to the modulator-

arrays have been used in demonstrations of i) parallel detector pair, and linking rows of devices in orthogonal

optical interconnect with the modulators driven by directions on the two faces of the substrate mateial, a

standard high speed CMOS to provide a capacity of 100 considerable miniaturisation of the experimental design

MBit/s x 16-channels [11 and ii) an opto-electronic may be achieved.

4x4 MODULATOR ARRAY 4x4 DETECTOR ARRAY

GHmw

Figure 1. Optoelectronlc network to recognise exclusive-or (EXOR) combination in input streams A, B

210
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The layer structure for the planar coupled quantum well
Bias voltage device shown in Fig. 2 is grown using gas-source

MBE[4] with a symmetrical well of two 30A InGaAsdiffusion mask layers separatd by a thin 20A InP region, and a barrier
width of 60A. A two-dimensional array of 45pn

-diameter modulators is then fabricated at a repeat
MQWi (30120/301160 distance of 125pno using selective diffusion of zinc

..... ....... Y. through a silicon nitride window. After the deposition of
anti-reflection coatings on both sides of the wafer, an
initial metallisation pattern is defined to allow for the

n+ InP substrate automatic wafer probing of devices across the slice.
Results of the measurement of dark current in the centre
of a slice are shown in Fig. 3, with a yield of nearly
99% at a reverse bias of IOV (2750 devices).

_ .AR coating

Figure 2. Schematic of planar CQW modulator

Growth and Fabrication . ., .._

However, even for a single-sided version, a high yield
MQW growth and fabrication process is necessary to
realise this linked-modulator design. In this report, the
use of a coupled-well structure avoids the need for the
offset bias (10 or 15V) of a conventional MQW
design[l], thereby allowing operation at lower voltages
and, therefore, lower dark currents; while a planar
processing approach simplifies the two-level
metallisation procedure.

Figure 4. 10xl(10) array of modulators

Assessment and Packaeinl

Measurements on individual devices in transmission
using a micro-Fr-IR spectrometer show a modulation of
1.2dB (with a FWHM of 12nm) at a wavelength of
1.41ljm and at a reverse bias of 6V - increasing to
1.8dB at lOV. After identification of a 0lx10 array of
modulators with a 100% yield, a second level of
metallisation is deposited using a Ti-Au sputtering
method and is patterned by a lift-off technique,
connecting lines of 10 devices to a single bondpad. The
full array is then bonded onto an 18-pin leadless chip
carrier (modified for operation in transmission) as shown
in Fig. 4. Dark current measurements made at the
completion of the fab-rication process show no increase
in leakage (Fig. 5); and the capacitance of individual
modulators, typically 0.43pF at an operating voltage of
6V, increases to 10.1pF for a row of 10 modulators with

Figure 3 Wafer map of leakage currents of 2750 track and common bondpad, to be further increased by
modulators at - IOV (I1,ap< 10nA in light grey) 0.5-0.65pF by the lead wires in the packaged array.
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Current, nA in the epilayer. Typical total defect densities (both
10 electrically active and inactive) are 200-500 cm-2 with

inactive defects (ovals and other minor features)
accounting for 80-90% of this total.

In summary, a method has been described of
fabricating and assessing linear arrays of MQW
modulators, which, together with the use of a double-
sided epitaxy technique, will allow a more compact
implementation of photonic switching and neural
network designs.

The authors thank E Marsh and J E Turner for assistance
1 with device processing, R Gooding for the electrical

0 5 10 probe data and L Johnston for the device bonding.
Reverse bias, volts

Figure 5. Leakage currents of packaged array
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a MQW structure is uniform to within 4nm over a 2x2 array of InGaAs/nP multiple quantum well
circular area 8mm in radius from the centre of a 50mm modulators grown by double-sided epitaxy," Electron.
wafer; by replacing the solid sources with organo- LetL 26, 946-948 (1990).
metallic compounds, the area over which a comparable 4. E.G. Scott, M.H. Lyons, M.A.Z. Rejman-Greene,
uniformity is achieved is increased fivefold (Fig. 6) and G.J. Davies, "The growth of InP/InGaAs multi-
Finally, the yield of individual modulators is determined quantum well modulator arrays by gas source MBE,"
predominantly by the density of electrically active defects J. Crystal Growth 1I5, 249-253 (1990).
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Figure 6. Comparison of radial uniformity of MQW layers grown by a) GS-MBE b) CBE, measured at 2mm intervals
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and S-SEEDs for Intra-C p Optia Int e o

M!. Fahfiruhk D. R. Sciviab, and L. E MidwinterO E
Department of Ele ronic and Elecrical Engineering, Univwity Colke London,

Torrington Place, London WCIE WE UK

Abstract demonstrated (5) having high contrast and quantum
efficiency at operating voltages of less than 5V. This

We consider optical intra-chip interconnection schemes offers electrical compatibility with MOS electronics for
using Asymmetric Fabry-Perot Multiple Quantum Well integrating an array of such devices with high-speed

PIN Diodes and compare the corresponding switching electronic islands for wafer scale communication (6).
energies with that of an electrical interconnection with In this paper we consider two optical interconnection
the same bandwidth. schemes, the first consists of an Asymmetric Fabry-

Perot (AFP) MQW-PIN modulator with a detector and
derive a formal expression for the switching energy for

1 ntoduction different device sizes taking into account the contrast
ratio and insertion loss of the diode. In the second

With advances in VLSI and WSI technology, the- scheme we propose a novel differential transmission

realization of high speed electronic systems becomes and bistable detection system using Asymmetric Fabry-

increasingly limited by the performance of metallised Perot Symmetric-Self Electrooptic Effect Devices(7)
tracks. It has been suggested that optics can provide (AFP S-SEED). We show that in both cases the
potentially a low-energy and broad-band communication switching energy and thus the break-even line length
interface within electronic processors (1-4). can be considerably reduced by decreasing the area of the

In an optical interconnect the electrical signal lines devices. The results are compared with switching energy
are replaced by optical transmitters, imaging optics such required for a 21tm CMOS electrical interconnection

as holograms, and photo-detectors. Comparison of and the break-even line length is plotted as a function of
optical and electrical interconnects using LEDs and the optical link loss.
lasers have already been presented by Kostuk and
Feldman et al.(1,3). Feldman and et al. have also briefly 2 Asymmetric Fabrv-Perot MOW-PIN Diode

considered the use of MQW modulators and silicon Transmitter / Receiver

photodiodes in optical interconnects and show that they
offer shorter break-even line lengths than for a laser, i.e. The optical interconnection scheme considered is
when the electrical interconnection switching energy is illustrated schematically in Fig. 1. The light from an
equal to the optical interconnection switching energy for external laser source is fanned-out to an array of
the same link bandwidth. reflective modulators. The reflected light signal is then

Recently normally-off asymmetric Fabry-Perot imaged one-to-one onto a similar array of devices which

MQW PIN diode modulators /photodetectors have been are each biased in series with a load transistor and then
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electrical energy required to switch the state of the

Vmodulator does not depend upon fan-out F, so the

switching energy can be expressed in the form of

VD = 2F (C +CD)V {V(-11c)+2 }+cDV (3)

AFP transmitter 1 Asymmetric Fabry-Pernt MOW-PIN

AFP receiver s-SEED Differential Transmitter/Receiver

Figure 1 Schematic representation of first optical
interconnection schemeusing asymmetric Fabry-Perot The optical power reaching the detector determines the
transmitter / receiver, input gate voltage of the receiver. Since this power can

fluctuate and the receiver has a fixed threshold, spurious

directly connected to the input gate of an inverter stage switching can occur in the receiver. This problem can be

without any electronic gain stage. The rise-time, r , is overcome by using differential transmission and0 detection methods. The technique proposed here is to use
defined as the time required to charge the input gate deteio m et ds h tcnqe dhereis tevoltage of the receiver from 10% to 90% of its final bistable AFP S-SEEDs in a novel differential receiver
voae V. this implies that a0% motor such ais fnan circuit as shown in Fig.2. In the transmitter A pair ofvalue, V . T his im plies that a m odulator such as an o m ly f A P d de ar c n e t din s i s a d th
AFP diode exhibiting a high contrast ratio of c > 10:1 normally-off AFP diodes are connected in series and the
(i.e. the ratio of maximum to minimum reflectivity) driving voltage is applied at the central node to

should be used since it is tolerant to changes of the modulate the input light signals in complementary
threshold voltage level of the following detection stage. fashion. The reflected light signals are imaged onto a
The rise-time can be expressed as a function of s input similar pair of AFP diodes operating as AFP S-SEED
optical power, the capacitance of the input inverter gate (7) with the central node connected to the receiver input
stage, C, the device capacitance, CD, and the photon gate stage. In the input receiver the gate voltage changes

from high to low depending on the relative powers of
energy, Ep (units in eV) in the form of the two optical signals.

TO = 2V (C, +CD ) E (1) The rise time is given by (6)
7L, P ,. O'-2( C +  2C )V Ep(4)

The optical energy dissipated is given by 2T P.. The -C C-(4)

link efficiency, rqL is defined as and the corresponding optical energy dissipated can be

lL(l-ID).flH D[l l' ] (2)

where FD is the insertion loss of the modulator, j7H is T V

efficiency of the imaging hologram, iD is the internal

quantum efficiency of the device and the term in the VD CD

bracket represents the minimum reflectivity of the U¢
modulator in the off-state. --

Electrical energies are also dissipated to switch the O

state of the modulator, and to charge/discharge the S-SEED transmitter S-SEED receiver

capacitance of the photo-detector and input gate of the Figure 2 Schematic representation of second optical

receiver stage. The total switching energy is the sum of interconnection scheme using Asymmetric Fabry-Perot

both the electrical and optical energies dissipated. The S-SEED transmitter / receiver devices.
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expressed as 2'oP1 . In this case, the optical link 1001

efficiency, 1 , , is defined as . Omm
L E

=7 D- )7 I'l0- 1C(5) 10 1000 PM

The total switching energy can be written in a C1

similar form as Eq.(3), but in this case the resistive load

is replaced by a capacitive load of another AFP diode; =- 1

CDV 2 > -F

E.'=F(CS+2CD)V tV +4 -L)+2 (6)
L1

4 Comparison of the ontical interconnection 0 -5 -10 -15 -20

.ehemes with an Rlectrical Interconnection Optical link loss (dB)
Figure 4 Break-even line length of asymmetric

The switching energy of the optical interconnection Fabry-Perot transmitter/ receiver compared with 2pm

schemes is compared with the electrical interconnection CMOS technology.

shown in Fig.3 for a 2pm CMOS process since this is

currently in use. For a given rise-tiir-,, we define the 100
break-even line length as the electrical transmission E 16.Smm
distance at which the optical interconnection switching E 1000 Pm 2
energy is equal to electrical interconnection switching

*~10energy. The break-even line length is evaluated for :::0 cnu 1n
different AFP diode sizes and the results are plotted in -

FigsA and 5 as a function of optical link loss. For the 100 in 2

typical values (5) given in Tablel the overall optical C I
loss is approximately 10dB as indicted by a vertical > 0.8mm

dashed line in Figs.4 and 5. The rise-time of electrical 2

interconnection is calculated for different break-even W__L- 0.1I
line lengths. The optical power required to achieve the 0 -5 - 0 - 15 -20

same rise as in an electrical case for the same break-even Optical link loss (dB)
line length time can be evaluated from Eqs.(1) and (4) Figure 5 Break-even line length of asymmetric

for the two optical interconnect systems. The results Fabry-Perot S-SEED transmitter/receiver compared

obtained are summarised in Table2. with 2pm CMOS technology.

ITl

Supply voltage V =5V Contrast ratio c 10:1
LICLI- 0.7 pF/cm Insertion loss MB

output C = 16tF (for 2 pim CMOS) AFPM quantum

g =182&F/Pm 2  
efficiecy ID 80%

Quantum energy Hologram efficiency
Figure 3 Schematic circuit diagram of an electrical of photons Ep = 1.45 eV 'H 30%

interconnection.
Table 1 Typical parameters for the interconnection
devices.
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Table 2 more tolerant to optical power fluctuations than single
-t -i o modulator / detector link. It also offers lower switching
Deic Bra-vnln Rise time Optical power 110% iz (2) lenth (mm) (nsec) (mW) energies for the optoelectronic devices less than 1OOpn 2

S16.0 .9 1.2 in size provided the alignment of the imaging optics can
AFPT/R 100 3.0 4.7 1.1 be achieved. Both schemes discussed require less

10 1.8 3.2 0.8 switching energy than the electrical interconnection link

S-SEED 1000 16.8 26.2 2.1 distances greater than 2-3 mm for 100prm2 device size.
T/R 100 2.3 3.9 1.9510 0.8 1.6 1.78
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Abstract If small, efficient optical transmitters and receivers
could be integrated into the optical circuit board

An integrated-optical system for dense, guided so each optical interconnect would behave as an
wave interconnection of digital signals with many idealized electrical connection, the multiplexing
modulators and few lasers is described, could be discarded and the individual

interconnects could be accomplished optically.

tLrd.Utiofl The Optical Ralltap System

Guided-wave optical interconnections offer many One of the primary challenges in developing a
potential benefits for high performance technology for integrated optical interconnection
integrated electronic systems [1]. These include networks is being able to densely integrate
l.;gher packing density, lower noise, lower waveguide transmitters that can be driven by the
propagation delay, and frequency-independent available electrical signals. A new solution to the
network designs. Their major impediment to problem of converting the electrical signal to
practical use, apart from being a new, unproven optical form in an optical interconnect is provided
technology with little reliability data, has been the through the use of a new device we call an optical
lack of a technology for practically integrating the railtap system. The system consists of an optical
components required to translate between rail and a sequence of railtaps, as shown
electrical and optical signals. Most previously schematically in Figure 1. A passive optical
proposed schemes for guided-wave waveguide, or rail, routs optical power around the
interconnects have required directly or externally package and acts as an optical power supply. The
modulating one laser or LED for each optical rail runs near the edge of every IC in the
interconnection, often multiplexing many signals package and an optical tap switch is connected to
onto one optical interconnect to ease the relative every output pin. The purpose of the railtap is to
expense. In effect, a multichip carrier, monolithic convert the electrical data stream coming off of
chip, or fully integrated wafer having thousands of the IC output pin into light levels representing
high-frequency signals would require hundreds "I"s and "O"s, and to direct the optical data stream
of multiplexed interconnection systems within an onto an optical channel that routes it to a receiver,
extremely small volume. This implies the optical which drives an input pin of the receiving IC. The
interconnections will need to be fabricated in- railtap is a compact electro-optic modulator that is
place, effectively creating a printed optical circuit driven directly by the IC output electrical signal.
board. Such an optical circuit board would Complementary taps, as illustrated in Figure 1,
however be extremely low density, able to ensure that a constant amount of energy is
support many times the number of isolated extracted by each tap from the rmil, regardless of
waveguldes than required In the available space. the state of the logic signal, thus suppressing
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crosstalk onto the rail. Each tap uses only a small Figure 3 depicts the application of a railtap
fraction of the available light in the rail to create system to a multiline optical interconnection
the routed signal. Since only a small fraction of network. For railtaps fabricated in E-O polymer
the light is switched at each tap, only a small materials, the small optical signal can be
voltage is required, compared with conventional modulated by a 1 volt electrical signal on a tap 1
switches, and many optical signals can be mm long. The output of the IC is loaded only by
generated from the optical power from a single the 0.1 pF tap instead of the electrical
CW laser. Figure 2 shows the result of a beam- interconnection network, thus permitting systems
propagation method simulation of 5 consecutive designers to significantly increase the speed and
taps along a rail. Each tap switches approximately reduce the power dissipated in the output drivers
one percent of the optical power in the rail into of VLSI chips. Additionally, optical signals can be
one of two channels determined by the signal exploited for fanout by using more optical power
level on the electrode. The voltage used in this and passive waveguide splitters without any
simulation is only 15% of the half-wave voltage for increase in the capacitive load on the electronic
a Mach-Zehnder switch of the same length. driver. The net result is that for high-speed logic a
Resolution is lost reproducing this picture, but it small, uniform, predictable electrical load for each
can be seen that light is switched to the left signal pin can be achieved in a wide variety of
channels in the second and fifth tap and to the configurations and applications.
right in the first, third and fourth taps.

SRail 'Transtmitters

Waveguide

OpDal RWaveguide1

Figure 1. Schematic View of a Railtap for Optical
Interconnects.

Figure 3. Railtap-based Optical Interconnects

A prototype railtap system has been built and
demonstrated in electro-optic polymer
materials[2]. The dimensions of one such device
are shown schematically in Figure 5. The polymer
was made electro-optic by electric field poling,
and waveguide channels were made by selective
photobleaching. The railtap was driven
asymmetrically and modulated in a
complementary fashion. Shown in Figure 4 are
the intensity line scans of the output endface of
the 3 port railtap. In each case the central spot is
the optical rail, the signal line is on the right and
the complementary signal is on the left. In the
rightan picture te signal is applie and a
strong beam appears in the signal channel, with
almost no light in the complementary channel. In

Figure 2. Simulation of 5 Consecutive 1%Taps the lefthand picture, the complement of the
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signal Is applied and almost no light appears In the MEL-TAP

signal channel, while a strong peak appears in the huSoOsG
complementary channel. In both cases, the NOE -- ,N Is ,
optical power left in the central rail is almost LAM BLOCCED

unchanged. This Is a critical feature for multiple
taps, since coupling of the signal level to the rail
intensity will contribute crosstalk to subsequent
taps. Good complementary modulation of this 20. I w.
device was observed up to 6 dB of modulation FREQUENCY

depth, much more than would generally be
required in a raitap system.

Figure 6. Frequency Response of the Test

Railtap[21

5m _______________the noise measured With~ the laser light blocked
5r m1 mm from entering the device. The vertical axis is a log4scale with 10 dB/div (electrical), showing a clear

signal more than 30 dB above noise. At higher
-- b- 1 mm-a1-- frequencies rf pick-up is observed.

4 cm_ With the development of new, stable electro-
optic polymer materials[3j, it Is expected that the
optical railtap system will soon be tested in

Figure 4. Dimensions of a Sample Single practical applications to determine the true
Element Railtap. potential benefits of this device for highly

integrated electronic systems.

1. "Electro-optic Polymer Devices for Optical
Interconnects", R. Lytel, G.F. Lipscomb, E.S.
Binkley, D.G. Girton, J.T. Kenney, A.J.

Figure 5. Intensity Line Scan Of the Railtap Ticknor, and T.E. Van Eck, Proc. SPIE 1389,
Endface Showing Complementary Modulation. Nov. 1990, (to be published).

2. "A Complementary Optical Tap Fabricated in an
Figure 6 shows the measured frequency Electro-optic Polymer Waveguide", T.E. Van

response of the test railtap. The upper trace is Eck, A.J. Ticknor, R. Lytel, and G.F.
the signal from the railtap when driven with +15 Lipscomb, App. Phys. Lett., in press.
dBm of electrical power for a drive voltage of 3.6 V
peak to peak. The railtap response is flat trom 50 3. "Thermal Stability o Electro-optic Response in
Hz all the way out to approximately 20 MHz. Poled Polyimide Systems", J.W. Wu, J.F.
Although at this point the RC roll-off of the Valley, S. Ermer, E.S. Binkley, J.T. Kenney,
electrode structure begins to reduce the signal, a G.F. Llpscomb, and R. Lytel, Appl. Phys.
signal is seen out to 100 MHz. The lower trace is Left. 58, 225 (1991).
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ITRMODUMON coefficent is sed to the G0a well iObi.. only.

Followin the dmonstradon of the absorption 8 shown in Fig. lb at twoe im ativ Adsand 8oi.. lbs ruus-Kzual chang. n flctve
refection modulator [1], many workms [2-101 have cnd h80s In abolPtion are

used Fary-Pent rebonators to impove the lWmited
contrast raio of thew multiple quantum well l given by (111:

modulato. Most experiments have been in the 7

normally on (Non), spectral region whe absoption 80(m) - (C/) P "
increases with field. Using field dependent
OsAs/AJGuAs quantum well absorption data, we whe P Indictmes Me pea*l value of dui ntgal.
have created a model that calculates the reflectivity 8n is shown in Fi. ic. lbs &n%,), hown in Fig.
and contrast ratio of resonant and non-resonant lc, i relative to othe -0 quantm well isperI
modulators in both the normally off (NofM), region 8po,(). lbs lowe ca be estInited Arom &;w
where absorption decreases with field, and the relative to that of bulk GaAs shown plus the dslowly
normally on (Non) spectral regios for use with varying dispersion of the bulk GaAs. In all
photonic devices such as the self-electrooptic effect calculations that follow we include the estimated
device (SEEDs). The calculations include both dispersion of the quantum wel N...
electro-absorption ad electro-refiaction effects..f

ECN MODULATOR
When such a modulator is placed within a Fabry-
Perot resonator we find that the change in reflectivity Quantum well electro-absoqition reflection
caused by electr-rfhcon can be quite comparable modulators are grown with a multayer dielectric
to d change due to electro-eb norpI in certin mirr of relectivity r2 beneath e intii qmtum
spectral regions. The model gives the optimum well region. The front surface has a reflevity r,
number of wels ad refectivity values required to which when andreecim coated equals . The
make a resonator at ay wavelenth for a given round 0ip MQW troauiion (excluding d rea
quMtm well 8sutIn. Thus e asults also show that mirror reftection codfiemt r2 and asuming r -0)
with a resoo bistable o; Pe-on of a SEED at indieon(low ms)stateisgivenby
wavlengts onger thn t edin w t -et-he.L.) -ecp (-I&.Ne

ABORPTION AND REPRACIION whoe a, is the absorption per quantum well, N the

The Aed Indued chang In due opical asption total number of quantum wells and we amsume d all
pecm of areves bmed diode mhown In Ni. loss is associated with the well thickness L and
lam obtaind from photocotnt meurements. ignor the barr thickness. The reflectivity is no
Aso included Is lb of bulk OaAL l aborpton affected by eca-r e in the absenre of a

*Clarendo Laboratoty, Parka Road, Oxford OXl 3PtJ, UK
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A modulator is off when the absorption is high, an, These can be expresed in termsof a figure of merit
and on when the absorption is low, o,,. Measures of f
the modulator performance ame the change in the
reflection coefficient, 6R, and the contrast ratio CR. which at Ao for field E2 is f = 3.1 and at , for field

E1 is f=6. For the longer X fis near 60. We shall
2.5 - - - compre only the flrst two examples herein.

The change in rflectance between the two ste is
/, \ = R(on)-R(oft) = r2WL[l-tr"']

c(Z) -A I A and the contrast ratio

CR = R(on) / R(off)=t? 1

An, I2 SR and CR are a function of a .N, the absorption per

0 pass (the loss) in the highly trsmitting state (ow
830 . 880 loss), for various values of the figure of Mei f.

0 1 T e a universal performance curves. As an
example consider operating at field E2 and at ko
where from Fg. I f= 3.1 anda,, .0W. IfN =60

1.6 A then a.N = .42 and from Fg. 2 8R = .34 and CR =
-z - - - - - - - - 5.9.

8Q (3) - 2 Without a FP resonaor, operation at AO. results in a
Noff device, while operation at L is Non. Whena
modulator is placed in a symmetric SEED

-1.6 A
830 880 SR

- a- - -o. =:o --4 00o
I B1 _-.- 10 ,I

-. 12 I/e~o ;L eso CR !I /
830 880-----------------------------2_

Fi. 1 a: Aborptlon spectrum at fleldsE=0, -E w 0- El
9.0 V/micron and E2 16.5 V/micron. The exciton - - -"-

is at = 8 47 r . 853 nm and 866 nm (red Shift 0
region) am wavelengths of interest .The MQW 0 a n11

material is x - 03 AGaAs barriers (35A) and GaAs on
wels of L =95A.
b: &x = ( ) - a(Bm0) for El and E2. Fig. 2ab: Maximum change in reflectivity R and

f = a(E=0)- Ub, contrast ratio CR as a function of aN. The
c: Eectwo-refractve ad quantum weU index chang increasing curves repreent values of f = 2, 3, 4, 5, 6,
calculated foim the Kraners-Kronig relion. 8. 12, 16,32. r2 = I and r, -0.
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configuration of two diodes in series where bistability The effects of electro-aboiptiau and refraction can
is the desirable feature then the figure of merit [12] to be quite compable. Observe in Fig. 3a the

be maximized is appoximately 8R[l-R(on)]. The calulated FP refectio spectrum, both with aad
maximum occurs for 8R = .50, which also implies without the 8a of electro-wtracti With E - 0 mad
R(on) = .50. The above criterion is based on the the FP resonance new the excihm the resmator is
switching energy being pootona to the difference mathed. The applcatio of the field E2 reduces the

in reflectivity of the diodes in the first stage loss md the resonator is no longer matched. 8. is a
multiplied by the minimum absorption of the diode in maximum at about 849 am which shifts the FP

the following stage. resonance toward shorter wavelengths mad we find
that st, = .35 at 48.5 am if die FP resonance is

FABRY-PEROT REFLECTION MODULATOR shifted from the excitm to 848 rm. In Fig. 3b
observe the increase of aR from .22 to .35 with the

In the following we will discuss the use of Fabry- incio of In electro-refraction effect. For a FP
Perot resonators to improve die performance of the (ne t an) die calcuated R. of 22i less ta
quantum well modulators. By using FP resonators, a 60 qbe lmoulat o i -0)
both Non and Noff operation is possible at any th og6nluasauwi-59Iusion of an
wavelength. This allows the design of bistable which Itugh only has a CR = 5.9. Inclus on of 8
modulators at the longer wavelength IL where the to 35 which is close to the a
highest R. is obtainable.

If the front surface reflectivity r, differs from zero a N
Fabry-Perot (FP) resonator results. r, and/or the
number of quantum wells N can be adjusted to match 1 -- - -

the input optical beam so that there is no reflected
energy at a given field. This matching for Rf can be - /-
with either ot. or ~ae, requiring only different values R \ X
of r, or N. With a different applied field the Z2
resonator is no longer matched and reflected energy \
results. Contrast ratios greater than 100 have been
observed in Non devices [4,9] and Noff [6,9] devices. - ,, -, -_-.-
One can show that the required reflectivity r for - - 0
matching of a FP nodulator on resonance is given by 0 - \,- -I

ft = r2tL,= 830 880

for respectively Noff and Non operation. The
reflectivity, when the match is broken, as a function .5
of wavelength,, is given by

1 - tinter2 + 4tmtw.sino BRR=r 2  + 
-tW8*0

I - 0M2 o- k\

where # is a function of X and E, because of - -
"

-

detirfraction. If elecrefraction were absent

then the IP resonance canbe placed exactly on the
wavelength for which te r essigned and -. 5
it does not shift when the field is applied. Thus at the 830 880
desired wavelenh # - 0. The change in absorption
breaks the matching condition t * te and a finite Fig 3 a: Reflection specmu of a FP resonator with r
reflectivity results. Note the symmetry which implies = .31 and r2 = .96. N=0 shows that the FP resonance
the smae peak reflectivity with a given N for hu been placed at the 848 nm. N - 26 is required for
mathing with either Noff or Non operation, though matching in the Noff case. The curves for E2 both
the required r is diffent. Wen electro-refraction is with and neglecting refractive index changes (O =0)
included, an is Warg enough, in sme regions of the ae shown.
spectrum, to shift the an such dot th relectivity is b: al with electro-absorption only (smaller value)
significmny enhanced in the unmatced state. and with elechrefraction included (gater effect).



Photonic Switching 225

obtainable with the r, =0 modulator (no PPF) but with CONCLUSIONS
CR > I indicating; tha a PP has comparable aR to a To understand a PP enhanced quantum well
similar modulator but with increased CR. mouao iti eesr to include quantum well
A symmetric SEED. constructed of two Noff dispersion, electo-auopton mid electro-refmaction
modulator placed in series, operating at Ao is effects. With electro-asorption only, the P
bible. This is because the absorbed energy modulator would have a smaller W than a non
decrease with increasing voltage drop across the resonant modulator but with electro-refracton
device which is positive feedback implying included aR of a PP modulator can exceed the non
bistability. At )LI a non PP modulator is Non and a resonant modulator. Signiicant effects also occur at
SEE device would only show a threshold effect wavelengths longe than the exciton wavelength .
However a PP modulator operating )LI can be ft has also been proven tha for a given N, the peak
designed either Non or Noff. When the Noff design 8R is independent of a Noff or Non matching. We
(requiring greater N than for Non) is placed in a have also disciussed how a SEDdevice can be made
Symmetric SEED configuration it is potentially bistable at )L using a Noff PP modulator. The results
bistable. am qualittvel valid for any quantumn well electro-

absorption modulator.
The use of a resonator with a red shift device to AKOLDMN
obtain bistable operation was long ago recognized by AKO LDMN
Ryvin [13]. Advantages of this approach wre that at We appreiate stimulating discussions with D. A. B.
ILI the figue of merit fislargeso that agreater Wis Miller and A. L. Lentine in the early stages of this
possible than at the exciton wavelength Ao. albeit worL
with increased N and comnplexity. REE NCES
IN one evaluates the contrast ratio CR at resonance (EB1 .D od .A .Mle.D .CelS
= 0so 8n a )aafunction of None can deermine N [1 McD.aoy,DA.BC.Milard..S.hEnlish
required for matching as shown in Fig. 4. The Mll qa.tu C.U Gosrdi modu Enlishr.
positive cusps correspond to a Noff device while the App Ps well reecio modulator(987)
negative ones indicate an Non device. Double cusps AP iy.La 011-1118)
indicate the possibility of making either of these [2] Y. H. Lee, J. L Jewell, S. J. Walker, C. W.
devices at the sme wavelength, only by using Tu, J. P. Harbison, L T. Florez
different values for N. Note at X, that Noff operation Elecuodipesiv multiple quantum Well
requires higher N and/or r1. Note also that increased modulator, Appl. Phys. IL. 53, 1684-1686
r, reduces the number of wells required for matching, (198).
thus the applied voltage. However the switching [31 M.iteed G . Parry; Highi-Contrast
energy will not be reduced because the capacitance is Relcto Molation at Normal Incidence in
inversely proportional to N. Asymmetric Multiple Quantum Well Fabmy-

Perot Structure, Electonic Letters, 25,%&6
50 '9 A577(1989).

- - - - [4] M. Whitehead, A. Rivers, G. Parry; Low-
A I Voltage Multiple Quantum Well Reflection

Modulator with ON:OFP Ratio ->100*.
0 Electronic Letters, 25,984-985 (1989).

- - - r1 0 [5] M.i Whitehead. G. Parry. P. Wheatley;
- Investigation of etalon effects in GaAs-

AlGaAs multiple quantum well modulators,
_50 M_ Y0EE Proc. 136J 52-58 (1989).

0 N 200 [6] Kv Whitehead, A. Rivers, G. Parry. J. S.
Roberts; Very Low Voltage, Normally-Off

Fig. 4 Logl0 CR - R(ElIYR(Em0) vs N, with the PP Asymmetric Fabry-Perot Reflection
resonance at X~, - 853.5 n. The front mirror r, - 0, Modulator, Electronics Letters, 26,1588-1590
0.3.0.6,0.9 (1990).
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Eelecrcnboipvs Faxy-Pmr Realection A. C. Gonard, W. W'icgmun Room
Modulami with Asmnetric Miors. IME tmperat excionic nonlin Absorption
Photon. Tech. LeM 1,273(1989). and refrmtion in GaAu/AGaAs Multiple
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Asat where Rf is the front mirror reflectivity, Rb is the back
mirror reflectivity and Ru is given by,

We have demonstrated all-optical modulation of a

normally off asymmetric Fabry-Perot etalon with a non- R2

linear (3aAs/AlGaAs multiple quantum well spacer. a= (RfRb) exP(-2d) (2)

Large changes in reflectivity were observed giving an
extremely high contrast ratio of 160:1 with less than I for absorption coefficient a and cavity thickness d.
dB insertion loss. We have determined the nanre of this With Rf substantially less than Rb and no absorption in

modulation to be due to strong absorption and refractive the cavity, the etalon reflectivity at resonance is high.
index changes in the non-linear spacer. With an absorbing cavity, the effective reflectivity of the

back mir is lowered and the emlon reflectivity at
resonance is correspondingly smaller. From (1) above it

Reflection modulation in non-linear asymmetric Fabry- can be seen that with the following condition:
Perot etalons has recently received a lot of attention.
High contrast ratios have been reported by several Rf = Rb exp(-2ad) (3)
authors by suitable electro-optic modulation of the
absorption in the etalon cavity [1,21. These methods the etalon reflectivity is zero on resonance and the cavity
however give rise to large insertion losses due to the is said to be impedance matched. Hence intensity
limited amount of absorption modulation that can be modulation of the absorption in the cavity modulates the
produced In this work we have experimentally etalon reflectivity providing the basis of an optical
investigated the modulation characteristics of an switch with a theoretically infinite contrast ratio and
asymmetric Fabry-Perot with a non-linear multiple potentially low insertion loss.
quantum well (MQW) cavity when optically excited and To implement this effect in an actual device we used
have obtain a very high contrast ratio with a the strong non-linear absorption changes around the band
considerably reduced insertion loss. We have analysed the edge of a GaAs/AIGaAs multiple quantum well [3]. The
intensity dependence of the etalon reflectivity and have structure was grown by MOVPE and consists of a
determined that the modulation is due to the combined dielectric stack mirror with a reflectivity > 97% at the
effects of absorptive and dispersive changes around the operating wavelength of 853nm, grown on an undoped
excitonic absorption peak of the MQW. GaAs substrate. On top of this a

The principle of reflection modulation of an GaAs(95A)/AI.3Ga 0.7As(69A) multiple quantum well
asymmetric Fabry-Perot etalon is as follows. An structure was grown forming a nonlinear etalon cavity.
asymmetric Fabxy-Perot etalon has mirrors of unequal The front reflectivity is that of the air/semiconductor
reflectivities. The reflectivity R of the etalon at a interface and is approximately 32%.
reflection resonance mode is given by, The heavy hole exciton wavelength was chosen to be

R close to a mode of the etalon by choosing 95A wells and
R Rf the well number was chosen such that the absorption by

R (IR)2 (1) the exciton almost gave impedance matching conditions
at low input intensities. This is a normally off device in

that the reflectivity is low at low optical intensities.
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The reflectivity spectrum of the device is shown in behaviour is due to the saturation of the excitonic
figure 1. aswell as the transmission profile of the MQW. absorption due to phase space filling and fermion
The absorption and hence the transmission profile of the exchange[3].
MQW was obtained by anti-reflection coating a piece of In order to investigate the precise nature of this large
the sample and using the Bragg mirror to give a double change in reflectivity we also measured the non-linear
pass of the light.The transmission spectrum shows a absorption in the MQW using the anti-reflection coated
heavy and light hole exciton feature, the heavy hole piece of the sample. This is shown in figure 3 where we
exciton is at 850nm. The reflection spectrum shows have plotted ad, the absorption coefficient times the
three minima in the vicinity of the excitons. The lowest cavity width, versus incident power at 853.4nm.
minimum is at 853.4 nm , 3.5 nm to the low energy From this, equation (1) was used to calculate the
side of the heavy hole exciton peak. The reflectivity in reflectivity as a function of incident power. This is
this particular case is 0.5% ,showing almost complete shown in figure 4 where where we have also reproduced
impedance matching at this wavelength. The presence of the experimental data of figure 2 for comparison.
the other two reflection minima and the steepness of the While the experimental and calculated values agree at
curve above 853.4nm (much steeper than expected for low intensities there is a wide divergence at higher
such low finesse device) is due to the strong refractive
index dispersion around the exciton peaks in addition to
the strong absorption variation. Both effects have a large x10" I
impact on the reflectivity of an asymmetric cavity such
as this. 8 ''

The reflectivity of the device was measured as a 8

function of intensity at 853.4nm where the lowest 6=
reflection point in figurel. occurs. Figure 2 shows the 6
corresponding changes when optical powers up'to
120mW were focussed on the sample.The reflectivity U 4
measurements were carried out using an argon ion
pumped Titanium-Sapphire laser. To reduce any thermal P 2 .

effects in the sample the exciting beam was pulsed using
an acousto-optic modulator giving lps pulses at a
repetition rate of lkHz. The beam was focussed on the 01•
sample to a measured spot size of 7.5gim and the
measurements were made using both an oscilloscope and 0.0 0.4 0.8 1.2 x10 2

lock-in amplification. All measurements were INCIDENT POWER/rW
normalised against a highly reflecting infra-red mirror
with a reflectivity >99.9% at 853.4nm.The reflectivity Figure2. Reflectivity of AFP at 853.4nm as a function
is seen to increase from 0.5% to approximately 80% of incident optical power.
giving an extremely high contrast ratio of 160:1 when
the input intensity is varied from zero to 120mW. This x10"1

1.0

0.8 0 6

0.6 4

- 0.4
2 -

0.2

0.00 I I I , i I
8.0 8.2 8.4 8.6 x10 2  0.0 0.4 0.8 1.2 x10 2

WAVELENGTH(nm) INCIDENT POWER/mW
Figurel. Reflection spectrum of AFP (light line) and Figure 3 Absorption saturation of MQW at 853.4nm
transmission spectrum of MQW spacer(heavy line)
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intensities with the experimental values greater than the saturation power of approximately 7mW which from our
calculated ones.The agreement at low intensities is measured spot size and the cavity absorption corresponds
consistent with absorption saturation of the excitonic to an optically generated free carrier density in the wells
resonance at high optically induced carrier densities in of 3.2 x 1018 cm "3 . This figure is in agreement with
the MQW. previous work (4].
The divergence at high intensities indicates that there is In conclusion we have demonstrated optical
an additional change in refractive index occuring. A modulation of a normally-off asymmetric Fabry-Perot
negative change in refractive index would reduce the structure and have obtained an extremely high contrast
optical path length in the cavity and changes the ratio and very low insertion loss. We have determined
operating condition from the low on-resonance state to that the large changes in reflectivity obtained can be
the highly reflecting off-resonance state. attributed to a combination of absorption and refractive
From the difference in reflectivities in figure4 we index saturation resulting from the saturation of
determined the change in refractive index at the operating excitonic absorption in the multiple quantum well
wavelength as a function of incident power This is cavity. The characteristics of the device are good for an
shown in figure 5 where we have plotted the (negative) optically addressed modulator.
change in refractive index An versus incident power and
shown it to saturate at approximately -0.06.

An empirical fit based on,

An(p) = fns PIPS8n 5  p(4)

where Sns is the maximum index change and ps is the x10- 2

saturation power is also shown. We have obtained a

z
1.0L

0.8 + +

0.6

W 0.4 T1* 0 0 0 2

W~ 0.400 -- o

0.0 0.4 I . 1.2 I, I2 -0.0 0.4 0.8 1.2 x1O2

0.0 0.4 0.8 1.2 xl0 2  INCIDENT POWER/mW
INCNCIDEN POWER/roW

INCIDENT POWER/mW Figure 5. Measured negative change in refractive index of

Figure4 Comparison of measured AFP reflectivity MQW at 853A (points) calculated from the data of
(crosses) with reflectivity calculated from absorption Fig.4. Also shown is an empirical fit based on EqnA. in
saturation alone(dots) as a function of input power. text.
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Abstract Device ontimization and design

A nonlinear Fabry-Perot device with a 2 Rtm bulk GaAs Bragg reflectors
spacer has been optimized numerically. A corresponding The two Bragg reflectors are formed by A/4 AlxGa l _xAs
sample, grown by molecular beam epitaxy, exhibits stacks of alternating high and low refractive indices, by
thermally stable switching with contrasts of 8:1 and changing the aluminium concentration. For the high
thresholds as low as 1 mW. index layer, a choice of x = 0.07 guarantees transparency

Besides the switching behavior, we present at the operating wavelength, whereas in the low index
measurements of the dependence of switching threshold layer, some GaAs-monolayers improve the growth
and contrast on spotsize and wavelength detuning. quality of AlAs giving an effective x = 0.97. The two

values of refractive index lead to a typical stopband
width of 100 nm.

IntQdLcteW1 The optimum rear reflectivity being Rb = 1 for
reflective type devices, the front mirror reflectivity Rf,

A promising device for parallel optical computing is the and therefore the number of layers, is determined by the
nonlinear Fabry-Perot (NLFP), where a nonlinear impedance matching condition [4,51
refractive index change related to optical carrier
excitation in a semiconductor layer is amplified inside a Rf = Rb'exp(-2aL), (1)
Fabry-Perot cavity. Research activity in this field for a given nonlinear spacer layer of length L and
[1,2,3] has evolved towards all-epitaxially grown intensity absorption a (at operating conditions XN).
structures; the use of alloy and multiple quantum well
material; thermally stable operation; and, recently, Spacer layer
towards biased and array operation. To determine the principal design parameters, namely

tht operating wavelength X and the length of the active
ram MknM layer L, we minimize the threshold intensity, using a

Q X12 sucks) numerical model which is based on the solution N(I) of
a H:A .,6,%) a self-consistent steady-state carrier density rate

Vequation, where I is the intensity in the cavity:

rw mw I-a(N) N-NO _N

(20 /2 auaks) 0 L:A .9G. 03 As hv - -rec - at 0. (2)

s~tub" iThe optical properties a(XN) and An(X.N) are
(1fl06 Xa2Moc interpolated from published experimental data [6]. (A

recombination time rrec = 4 ns and a carrier density at
Figure 1. Layout of the 2 mm bulk GaAs NLFP. thermal equilibrium No = 1015 cm-3 are assumed.)

231
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Our simulations suggest an optimum operating Nonlinear measurements
wavelength for dispersive nonlinearity about 20 meV
below the absorption edge (1.425 eV in bulk GaAs), For the nonlinear measurements, sub-microsecond
with a refractive index change An - 0.03 and a residual pulses with a repetition rate of 10 kHz, to avoid sample
absorption a -200 cm"1. heating, were generated from the cw-output of an Ar-

In agreement with theory [4,5], an almost laser pumped Ti:A12 03 laser by means of an acousto-
proportional decrease of the threshold intensity with optic modulator (Fig. 4).
spacer length is predicted. We expect an optimum cavity
length between 0.5 and 1.0 gm, below which the
robustness with respect to growth parameters, as weli as T-I

the range of allowable detuning, is strongly reduced.
Nevertheless, we chose a spacer of 2 tim (Fig. 1)

for our first design, in order to have it more robust. ,-- W_._ 1

Linear characteristics

A low intensity raflection spectra of the grown sample
(Fig. 2) shows the stop band of the Bragg reflectors
with a reflectivity of -,98 % below the band gap of the
spacer layer (X > 870 nm). A Fabry-Perot resonance
with a minimum reflection of 10 % is located at Figure 4. Experimental setup used.
882 nm. The FWHM of 0.9 nm with a free spectral
range of 30.7 nm corresponds to a finesse of 34. Nonlinear refractive index measurements

1.0 I I Using lock-in detection to measure the shift of the FP-
resonance with increasing intensity, the nonlinear
refractive index change in the GaAs material has been

0.5 studied. The predicted saturation behavior has been
found and our estimated change of refractive index with

C- intensity An/AI -3-10 -5 cm 2/kW [8] is in agreement

0.0 ' with a similar study [2] and our model (Eq. 2), provided
00890the effect of diffusion is accounted for. (cf. spotsize800 850 900

Wavelength [nm] depeec measureents)

Figure 2. Reflection spectrum of sample #360. Bistable switching

To reduce the influence of growth calibration errors, Looking at the nonlinear response in reflecton,
sample #360 was grown as a wedge (by stopping the switching contrasts higher than 8 to 1 (Fig. 5), and
sample rotation during 10 % of the spacer growth). switching powers as low as 1 mW have been observed.
Perpendicular to this gradient we found a resonance 1.
wavelength change of 1 nm per mm. In a central disk of
10 mm diameter the total change is :2 nm. (Fig. 3)

an3nb

IN Figure 5. Incident and reflected intensity vs. time, and
Figure 3. Resonance contour lines on wafer #360. the corresponding plot of reflected vs. incident intensity.
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Critical slowing down has been observed close to Spotsize dependence
the switching threshold, from which we estimate an
approximate switching energy of 15 pJ. pinhole collimating lens focussing obi.

Due to the low threshold, thermally stable (>1 s)
switching is possible with heat sinking through the..
0.5 mm GaAs substrate only. 2-

Detuning denendence

20 * Figure 7. Setup using a spatial filter with a movable
' collimator to change the numerical aperture of the

E 15 - focussing objective.\
10 'In order to determine the influence of carrier

32 diffusion and diffraction, we studied the switching
0 behavior for different spotsizes using the varying
2 5- ,. -. - collimator setup shown in Fig. 7, which produces

A. A",''888 gaussian spots with beam waists between 2 and 20 pn.

880 885 15 ......

E 2 2
5 . .......... P- I ow ( w + L.2)

• 10 -2a lo-0.94kWcm L 6.-641m -

-
tu 0

EE 3-_____________

• 1 - -- 886.2nm -..- 883.3nm 0
... 884.6nm -.- 882.3nm 0 5 10 15 20

0 880 I30 .
880 885 E °

wavelength [nm] 2 220 -.......... I - lo ( 1 + Ld /wo)

Figure 6. a) Threshold power vs. operating wavelength>- , 2
and b) corresponding switching contrast for different CI - 094 kWcm . - 6.4 m
resonance wavelengths. . 10

The dependence of the switching on the detuning
was investigated for different resonance wavelengths by _W "----_ .......
measuring at different locations on the wafer. 00 5 10 15 20

As predicted [5], bistable operation starts about 882 I'll . . ...
1 FWHM below the resonance wavelength at a ' * ................................
minimum threshold. For a higher detuning, the .
threshold increa.- - strongly, with -3 mW/nm (Fig 6a),
almost independent of the resonance wavelength. The a

*5 881corresponding contrast (Fig. 6b) does not depend as 2
strongly on the detuning; we find an increase towards 4 .......... I, - C12n (.A. /Wo)

long wavelengths with a maximum at 883 nm, where = 881.74 nm, C -0.26
the impedance matching condition is best fulfilled.

The observed dependence of the switching threshold 880 1;
is an important issue for system tolerances: assuming 0 5 10 15 20
that the device gain is sufficient to accommodate a beam waist [p'm]
threshold tolerance of 10 %, the operating wavelength Figure 8. a) Minimum threshold power, b) intensity and
would be restricted to within a range of 0.1 nm. c) required detuning vs. beam waist (Am = 882.85 nm).
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Abstract shown in Fig. 1 for a LAOS device. Most of
these switches can be triggered on by a

An optical latch is proposed and integrated light pulse but cannot be turned off by an
monolithically. The basic structure of the optical signal. Instead, the electrical
device consists of a light amplifying bias to the device must be reduced to near
optical switch (IAOS), which is operated as zero 11, 2]. This is not practical for the
an optical bistable switch and formed by operation in OEICs, since this requires
the vertical integration of a additional circuitry and all devices must
heterostructure phototransistor (HPT) and a be turned off at the same time.
light emitting diode (LED), and another HPT There are two techniques for realizing
integrated on the same chip and an all-optical bistable switch using the
electrically connected in series to the LAOS devices. The first technique
LAOS device. The additional HPT acts as an (parallel type) places an optically
optical control which gates the electrical sensitive control element in parallel with
current of the bistable switch. The the switch. When this element is enabled
functionality of the optical latch is by the control light it reduces the bias
experimentally demonstrated. An optical across the switch to a voltage lower than
AND gate is also demonstrated using a the holding voltage (V5 ), thus the switch
discrete HPT component with a similar turns off. Without the control light, the
configuration as latch circuit but with switch functions normally. Matsuda et al.
lower electrical bias. [3) has reported an all-optical bistable

switch with set/reset light pulses using a
I. Introduction shunting HPT to control the optical

bistable switch.
Optical switching devices are of much
interest in optical computing systems,
especially for optoelectronic integrated IlaAl
circuits (OEICs). Several types of optical -0- --

bistable switching devices have previously so
been developed with OEICs, such as, the -

self electro-optic effect device (SEED), -

the double heterostructure optoelectronic Wih
switch (DOES), a light amplifying optical
switch (LAOS), which is an integration of a
heterostructure phototransistor (HPT) with A I
a light emitting diode (LED), and the pnpn to - - -I- --

switch. With the exception of the SEED, .000 - --- -

all of these switches have demonstrated a .0810 1 a - - .e9u
similar switching I-V curve composed of a wee .00/'tv I v)
high-impedance off-state, a low-impedance
on-state and a differential negative V"M 1. 1-V oXwinotodeaiv a Iht fti)Wiq 3tcalbI t0

resistance region connecting the two as
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We have utilized a similar HPT shunting II. Device Struc-ure and Fabrication
a LAOS device configuration but have set
the bias above the break-over voltage (VBo The optical latch and AND gate are formed
in Fig.l). In this way an optical by series connecting an HPT and a LAOS
inverter, with memory, has been device. The IAOS is a series connection of
demonstrated (4]. We have also an HPT and a double heterojunction LED,
demonstrated optical OR and NOR gates using which has positive electrical and optical
a set of parallel-connected HPTs shunting feedback that causes switching from a low
the IAOS device [5]. current state to a high current state

The second technique of controlling the through a negative differential resistance
bistable switch with light (series type) region as shown in Fig. 1. The structure
places the optically sensitive control and the equivalent circuit of the optical
element in series with the switch so that latch and the optical AND gate are shown in
the current passing through the switch Fig. 2. The HPT serves to gate the
device can be optically controlled. In electrical power to the LAOS and thus it
this case, the switch functions normally turns the IAOS on and off (or prevents it
while the element is kept on by the control from turning on). The HPT is activated by
light. When the control light is off, the a control light signal and thus all-optical
current through the switch is reduced below bistable switching is realized. The
the holding current and the switch is structure consists of two parallel
turned off. integrated mesas: the IAOS device and the

It is appropriate that the light control HPT. The epitaxial layers for
sensitive element has a comparable layer these devices were grown on a semi-
structure to the bistable switch, so that insulating InP substrate using gas-source

monolithic integration of the control molecular beam epitaxy (GSMBE). The layers
element with the switch is realizable. The were grown in the following order: a p-
HPT is a good candidate for the control In~aAs stop etch layer (0.002 pa, 1 x 1818
element of the LAOS device, since an HPT is cm73), a p-InP buffer layer (0.5 pm, 2 x
part of the IAOS and thus readily available 1018 cm-3), a p-In~aAs bottom contact layer
on the same chip. (0.05 pm, 1 x 101 cm-), a p-InP cladding

This paper presents the realization of layer (0.5 pa, 2 x 1018 cm 3), an undoped

two series types of light controllable InGaAs active layer (0.2 pa), an n-InP
optical bistable switches as described cladding layer (0.1 pa, 2 x 101l cm-3 ), an

above. We have demonstrated experimentally n-InGaAs feedback control layer (0.1 pa, 1
that this device functions as both an x 1018 cm-3 ), an n-InP feedback control

optical latch and a logic AND gate, layer (0.1 pa, 2 x 1018 cm-3 ), an n-InGaAs
depending upon the electrical bias collector (1.5 #a, 2 x 1016 cm-3 ), a p-

conditions. In~aAs base (0.1 pa, 1 x 1016 cm'3 ), an

Input Control
light Control light

LS(Pin) HP (PC)

" p** -lP : P
a. n-lP "

_ _ _ _ _ _ _ V-IW~

colco Co;c " =&

op tiaAN gaAte
AMID, -Iftp --*,Pou

light(b
(Put)s)(b

Fig. 2 Schematic cross section and the equivalent circuit of the Integrated optical latch and
optical AND gate
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undoped InGaA set-back layer (0.01 p), a
p-InP emitter (0.2 pm, 5 x 1017 cM72 ), an n- P0
InGaks top contact layer (0.05 pa, 5 x 1019
cM's). The LAOS mesa utilizes all of these
layers and the control HIT consists of only (a)
the top five layers of another =esa (the
lover potion of that mes is electrically
bypassed). Therefore only one NBE growth
sequence is required. The mesas were
etched into squares of about 380 pm on a ,St
side. The n-type emitter and collector
contacts were fabricated by the lift-off of
evaporated Ge/Au/NL while the p-type bottom
contacts were fabricated by the lift-off of
evaporated Au/Zn/Au. (b)

III. huerimental Results

The devices were tested on a probe station
and probed with micromanipulators. The
incandescent lights from the microscope Weal
illuminator and a fiber illuminator were Pout
used as the input and control signals,
respectively. The I-V curves were measured WE
using a semiconductor parameter analyzer.
The common emitter current gain of a (c)

typical HPT was found to have a maximum of
approximately 75 at a collector current of
10 mA and a dark avalanche breakdown
voltage (BVczo) of about 5 V. Mew,* ,,

The experimental results of the optical lmA)
latch are shown in Fig. 3(d). The
electrical bias to the latch was set at 4.5
V, which supplies the LAOS device with a
voltage below but near the break-over (d) --
voltage (VDe) so that the LADS can be
operated as a bistable optical switch.
This means that an input light signal can
switch the LAOS 'on' and it stays on after
the input light signal is no longer o.c0o - r
present. Figure 3 shows that the input o.000 TM I V (S) 10.00

light signal has no effect on the device Fig. 3 Experimntal demonstation of the opac latch
current, unless the HPT is turned on by the operation with (a) input ight (b) con Iht (c) Weal
control light. It is also shown that an output (d) menued otput wavoform of device current
input light signal turns the LAOS on and it (1), using an inlerated HPT conincld In sins with the
stays on until the HPT is turned off. As a LAOS devio
result, optical latching is
enabled/disabled by the control light small enough to prevent the gate from
through the HPT. Thus, the functionality latching. When either input is not present
of the optical latch has been demonstrated, there is no current flows in the circuit,
The speed of operation and the input/output the gate is in the off-state. When the
power have not been measured. However, it light of either input A or input B is
is expected that the speed of the device is incident on the LAOS or the HPT,
determined by the delay time of the HPT, respectively, the existing current is the
which should be on the order of 10 ns. dark current of the LAOS or that of HIT.

The optical AND gate has been Thus, the gate is still in the off-state.
demonstrated, using an external HPp When both lights of input A and input B are
component connected in series with the LAOS present, sufficient current will flow in
device and using the input port of the LAOS the gate circuit to give an on-state. The
as input A, and the control HIT input as results are shown in Fig. 4.
input B. The AND gate was biased at a
voltage of 2 V, which is larger than Vg so XV. Devies m. i
that the I-V curves of HFX and LAOS cross
each other to form operating points; but The present integrated device is not
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Optical Bistable Arrays: Prospects for Ultimate
"-- Performances -

J. L Oudar, R. Kuszelewi& and It. Plane

CNET.-Laboratoire de Bagneux*L2M/WNRS-Laboratolre de Bagneau, 196, Ave. Henri Ravera

92220 Bagne" France

ABSTRACT SIMULTANEOUS OPTIMIZATION OF
CONTRAST AND THRESHOLD

A theoretical analysis of the optimum operating charac-
teristics of a GaAs/GaAlAs non linear Fabry-Pfrot Wtalon In a Fabry-Perot talon with front and back reflectivities
is presented. Both the impedance matching conditions Rand Rb respectively the inpeance matching condition
between the front and back mirror reflectivities and the for optimum contrast at resonance is given by:
obtention of a minimum critical threshold intensity are
merged into a simple relation involving the cavity para- Rf = Rbe -a
meters and the active layer material characteristics.
Submilliwatt threshold powers are predicted by this
optimization. A further reduction by more than one order where D is the nonlinear medium thickness. The common
ofmagnitude is expected when extending the optimization parameters and relations describing the behavior of a non
to laterally restricted microresonators which leads also to linear Fabry-Perot alon are recalled in table 1.
an optimum pixel size. Assuming for the moment a non linear index change of

the form k = n2/, enhanced by carrier generation, it has
been shown[l] that n2 is proportional to a. This helps

INTRODUCTION defining a new parameter[2]:
Epitaxial Fabry-Perot cavities including M -V non linear
active media and integrated Bragg reflectors already show Ib
much flexibility in their design since the finesse (and
hence the bistability threshold) depends on the product of
the two mirror reflectivities, while the switching contrast
depends on their ratio. For an arbitrary set of cavity
parameters there is an optimum absorption coefficient a =K
that minimizes the threshold while another optimumvalue I 1 +F(#- v
is required for optimizing the reflective contrast ratio. The
cavity design can be made even more flexible if one R.=(RRJfe-)"

includes a among the adjustable parameters, which can
be achieved by tuning the temperature or adjusting the (-l,)(1+Rbe')(1-e")F(1-R)
cavity resonance and the operating wavelength accor- (1 2dingly.

We demonstrate here that the simultaneous optimization
of both the contrast and the minimum threshold intensity F = T-
in the presence of a saturating dispersive non linearity can (-R,
be formulated in the form of simple expressions which
can be set in terms of design rules for the cavity pant-
meters. Prospective arguments ae finally given for fur- 2
ther improvements in pixellated structures. T&M : o~mo pwww~s and reiaaosa wM d eMut s

paper in the Mhfln e fi t ( 5 1).a" is the slhe pa pA Shp
and % the (Wdu dqfpgq.
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which scales the intensities for the dispersive non honw- Therefore if we combine these two conditions, the
rides. simulaneou optimization can be expressed in a very

Using the notation and expressions of [3], in the high simple form
finesse limit, the critical intensity for the onset of bistak-
bility is simply expressed as

L, 43{(D +i(1,~
I. = _1b which leads to a minimum threshold intensity

whr= - R and = - Rb are the front andback ~ 2-iffb%
mirror losses respectively. Uf a is now considere d as an
adjustable paramieter, itis straightforward to minimize the
critical intensity withPOION(m

8 7 6 5
4

leading to the following expression:

8 0J

tA
Here the sum of the mirror losses is considered as L

constant. On the other hand, in the high finesse limit, the 1
impedance matching condition can be expressed as

-0.4
A1 -0.3

0 -0.21
0.1q *0.1 o

-CRf=O.92 f0 11.
(IRb=O.97  855 860 865

IBISTABLE WAVELENGTH Inm)

0.10R 093 Fig. 2: Silmeous optimization of t#e reflecfh' conn=as rado and
-- O 3 inimumt tlresholdf power obtained by tung the cavity resnance

/ through aMBE-grown saple tldcbiess gradient. The itaon wasRb=O.9SS exIcted by a6 pm diamdeter fight spot.

R / Note that asingle degree offreedom is left in the
0.0 - djstentofal te praetrsneeded for otmzn

simultaneously th elcie contrast andthtreol
,(MWV 2) 7'intensity. In fig.lI are sketched both the threshold intensity

and reflectivity minimum as a function of the overall
absorption via temperture tuning for two different am
of mirror ref ectivities. Simultaneous optimization can he

-20 0 20 40 toteaoeenone wdn.Tihabenls(0C)observed on a MBE-grown sample (flig.2) including 130TEMPERATURE (0periods of a 10 nm barrier and 10 n well
FfgJ: Opiiao coditon f oh h miiu roedo an OaA~.A .As MQW active layer with respectiely
she adivum tdrnhold p~wr with the absorptlon. firongh to~e- 91.7% and 97% reflectivity mirrors, where the absorption
nrefrton omwre edies.S mulaeop msadon is tuned by moving the praig point on the sample,
can be metfow a proper adaument of these parameters. through thickness non uiformities.
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THRESHOLD MINIMIZATION IN THE PRE-
SENCE OF SATURATION F(=

The sataration behaviour of the dispersive non linearity
can be accurately described by a classical saturation law and
of the non linear contribution to the round-trip phase 8(/): 3F%

2
At low intensities I lc1,, 8n = n2l with n2 =T :the usual

where 1, is a saturation intensity and 8, is the maximum property n2/a = Constant becomes ca/, = Constant. This
phase shift which corresponds to a maximum possible was checked by our experimental results[5]. From [6], the
index change 8n, such that critical initial detuning from resonance 4bis a solution of

We define a critical finesse[4]

and the critical incident intensity writes

I.= (F0. -3)
3K

below which bistability cannot be obtained. In the high
finesse limit and with optimized conditions fulfilled the which accounting for the optimum conditions (aD
finesse becomes

becomes

3F=. oa) (FO. - 3)

0. 2For a given active layer thickness, we can express the
\ l dependance of 1. on the optimization parameter Tb by

10" reexpressing 4b., and F in terms of T%, in the functional

O.S form

:L0 - .2 L 0.2

101 The calculation is performed through *c rela-

0.05 tions assuming x ="1'0., and y = -FS, From the
expression of 8, it comes y = 8x3/9(x 2 - 3). The results
can be seen on fig 3. As long as the finesse remains high,

- the active layer is far from saturation and the threshold
_ intensity is proportional to the absorption. The effects of

saturation become sizeable when F gets closer to F
through the increase of T. In this region the threshold

intensity increases very rapidly. The curves stop at F= F.
10-4

IMPLICATION ON THE GEOMETRICAL
DESIGN OF BISTABLE CAVITIES

10- ' 10-3  lO- 10-1
1- 1 1-R From the previous expressions we can express simple
To Iformula for the design of an optimized cavity including a

PFJ:Plot of the criticalintensity asafuction ofthe only adjustable dispersive saturating active medium for a given reduced
parameter ; of an optimized cavity. for various active layer thick- fine= fdefined as
nesses. The effect of the dispersive saturation becomes sizeable as
the cavltyflnesse approches the critical finesse. The parameters used
In the calculation are & f2.4 10- , X=0.8"4 and
at, = 2.86 10tcm'
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and express the length of the various components of the The mirror thicknesses D1 and Db can be calculated as a
cavity i.e. the active layer thickness D and the mirror function of Ts. The transmission coefficients at Bragg
thicknesses Df and Db in terms of the number of periods condition write[7]:
N1 and Nb. The reduced finesse fin the optimized condi-
tions becomes 4n, nL 29,

x8n. n,"

3ak ~4n.. ( nL V

Therefore for a desired factorJ, at must match n1 -. iJ

x n- where n. is the active layer index, n, the substrate index,
3A ns the higher index and nL the lower index in Bragg

From it we deduce the active layer thickness requirement minors. Th optimized conditions lead to

NUMBR D=~=AD.Nb -Nf
D2

where

NUMBER OF PERIODS Nb (Back Mirror) between the number of periods in each mirro and
30 25 20 1 Nj-N 1=7fortheparametersoffig.4.Finallyifpisthe

period of the Bragg mirrors, theiw total length derives from
the preceeding expressions:

D,+Db
6

The overall length L can be expressed as a function of the
tA sole rb

14~ =
f=2

4 active
hic ae oras afunctionofNb as wel, through theirmutualrelation.
h This is graphically sketched on fig.4 where a straight-

forward correspondance is made between ; and the
number of periods Nb in the back mirror, thus providing
a simple rule for the cavity design. Very low thresholds
are expected with ultrashort active layers and high finesse
cavities. As the finesse increases exponentially with the

2 L lInumber ofperiods in a Bragg reflector, still modest overall
10"4 10-3  10-1 10-1 resonator thicknesses are required.

T = 1-Re
FPgA: Overall thickness of a Fabry-Perot strcture as afunction of
the optimzation parameter % for varlous values of the reduced
finesse. The case f= 0 gives the thickness of the nirror stacks. The
#dAlwnx Mcbessj Is tuhaed between 4 andS $Am. The parameters
usedin he calculaton are3, = 2.4 10 . n. - 3.5. n, - 3.6. nj = 3.52,
n,= 3.0,). 0.84Pm. This leads toNb-N=7
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Abstract Introduction

We present some experimental studies of the Bistable semiconductor diode laser amplifiers
sensitivit'y of a GaAs/AlGaAs DH bistable diode are interesting because of their potential appli-
laser amplifier (BDLA) when used as an optical cations in future photonic switching systems.
repeater or as a high sensitivity clock Synho including optical thresholding. optical logic.
nized optical receiver. Sensitivity of -34cd= digital siga processing and optical comput-
and -40.5 dBm have been measured. respec- ingll-51.,I particular, they will find applia-
tively. The optical blstability of iliterest is based tions in optical rouin of high data rate optical
on an intensity Induced change of refractive in- signals in a network, high speed optical inter-
dex. A large usable optical gain is also meas- connects and wavelength division switchinig
ured In these experiments. systemsl6l. Bistable semiconductor diode lsr

[SucSeourutrsurelsrcel eprtueadcren neto

modulator.Tras ransmitr DA itbedoelsrapiir U
varabl atenao TD avlnh htdoe :rcIve.
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amplifiers (dispersive type) are also the most experimental setup is shown in figure 1. The
efficient photonic switches in terms of switch- bistable laser diode that was used in the experi-
ing energy per unit gain[ 1]. In this paper, we ment was the same type of laser as the sources
study the sensitivity of a bistable semiconduc- except that it was biased just below threshold.
tor diode laser amplifier when used as an Because of the detuning dependence of the
optical regenerator and when used as a high switching power[7], both the source lasers and
sensitivity clock synchronized optical receiver, the bistable amplifier were temperature stabi-

lized by PeltierTE coolers. The power in the data
Experimental clock synchronized results beam was adjusted so that the bistable diode
and discussion laser amplifier was well switched. The output

Optical bistability based on the intensity in- 16"
duced change of refractive index can be ob-
served with the most common type of Fabry- ,
Perot semiconductor lasers operated slightly
below the lasing threshold. When a sufficient L -
amount of light is coupled into a Fabry-Perot L
semiconductor laser biased Just below thresh- t

old, the carrier density inside the active region W
will be decreased due to stimulated emission.
As a consequence of this. the index of refraction
in the active region will increase and may result 1 I
in optical bistability if the wavelength of the
injected light is properly tuned to the long 1 T4
wavelength side of one ofthe Fabry-Perot reso- -36 -37 -36 -35 -34 -33
nances of the laser amplifier.

In our experiments, two GaAs/AIGaAs DH Signal power (dBm)
lasers (Hitachi HLP1400) operated well above
threshold were used as sources to provide two Figure 3. Sensitivity of BDLA as an optical
single-wavelength beams. One beam (clock
beam) was modulated by a Mach-Zehnder repeater
modulator at a clock rate of 140 MHz, the other
(data beam) by another Mach-Zehndermodula- from the bistable amplifier was progressively
tor with a 140 Mbit/s, 21°- 1 bit, return-to-zero attenuated and detected by an avalanche pho-
data pattern. The clock beam was tuned by todode (APD), the senstivity of whichwas cal-
temperature and current injection to the long brated to be -40 dBm (figure 2). This -40 dBm
wavelength side of one of the Fabry-Perot reso- sensitivity limit, measured at 140 Mbit/s, is a
nances of the bitable amplifier. The detuning convolution of the noise from the incident laser
was about 0.35 A (the spacing between two ad- source and the APD itself. Bit-error-rate meas-
J acent Fabry-Perot peaks is 2.85A or 124 GHz). urements were then performed on the most
The wavelength of the data beam was tuned intense beam goin through the bistable diode
close to another Fabry-Perot resonance. The laser amplifier. Figure 3 shows the experimen-
timing wa' adjusted such that the data slightly tal results. A sensitivity of -34 dBm at a bit-
leads, or is in synchronism with, the clock at the error-rate of 10g was measured. ON/OFF ratio
input of the bistable diode laser amplifier. The of the output signal was 4.5:1. An usable gain,
optical signal power in the clock beam was
adjusted to be Just below the switch-up point of 10
the hysteresis loop in the output vs. input
relationship of the bistable diode laser ampli-
fier. Hence. the bistable amplifier will switch up 1 O
whenever there is a "I in the data beam and L
remains high through the clock pulse duration. 1 0-  0

In the first experiment, the sensitivity of a -

bistable diode laser amplifier used as an optical * 10
repeater was measured. The schematic of the - 0

Tmm 0

ISOHIP e ATT APO -44 -43 -42 -41 -40

S4 4* Signal power (dBm)

Figure 4. Sensitivity of BDLA as a clock
Figure 2. Calibration of APD synchronized optical receiver
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which is defined as the ratio of the signal power also be noticed that the recovered signal at the
at the output to the signal power in the data output is at the clock wavelength. Thus, the
beam at the input after couplinglosses, of 24 dB above experiment can be seen from a different
was also measured. It should be emphasized perspective: the clock beam is being controlled
that this gain is greater by almost 10 dB when by a weak data beam through the bistable
compared to the typical fiber-to-fiber gain of a amplifier. It Is Interesting to realize that with
traveling-wave semiconductor laser amplifier. 5,000 photons per bit, an optical signal at a
These results indicate the potential of a bistable certain wavelength can control a much stronger
diode laser amplifier being used as an optical optical signal at a wavelength corresponding to
repeater in a communication link or as a signal many mode spacings away.
booster in a distributed network to reamplify
the optical signal when it drops below 500 nW. Summary
Since a bistable diode laser amplifier is a digital
amplifier, it is expected that the r.oise charac- We have studied the sensitivity of a bistable
teristics will be better, as compared to a linear semiconductor diode laser amplifier when used
amplifier such as the traveling-wave amplifier. as an optical repeater and when used as a high
In addition, it should be stressed that the sensitivity clock synchronized optical receiver.
optically regenerated signal is clock synchro- The results indicate the potential of bistable
nized with the clock signal. diode laser amplifiers to be used in communica-

In the second set of experiments, the sensi- tion and photonic switching systems. Bistable
tivity of the bistable diode laser amplifier used diode laser amplifiers are very efficient, rela-
as a high sensitivity clock synchronized optical tively low noise, high gain, optical switches.
receiverwas measured. The experimental setup We are pleased to acknowledge the financial
was similar to that shown in figure 1, except support from NSF (contract number: ECS-
that the variable attenuator was used here to 8818797) and DARPA (contract noumber:
progressively attenuate the data beam before DAAH01-89-C-0067).
going through the bistable diode laser amplifier.
Bit-error-rate measurements were performed Referemes
on the output data from the bistable amplifier
(at the clock wavelength). The coupling loss was 1. M.Dagenals, Zeqi Pan. Tie-Nan Ding.
determined by comparing the measured small Hongchin Lin, in "Digital Optical
signal gain of the bistable amplifier to the theo- Com uting," SPIE Critical Reviews of Opti-
reticalvalue, and was found tobe 7.3 dB. Figure cal Science & Technology, edited by R.A.
4 shows the experimental results. A sensitivity Athale (Society Photo Oltical Instrument
of -40.5 dBm in the coupled power was meas- Engineers, Bellingtham, WA. 1990), p. 126.
ured. This corresponds to about 5,000 photons 2. H. Rawaguchi, "Absorptive and Dispersive
perbit. It should be emphasized that thls number Bistability in Semiconductor Injection La-
should not be compared with the theoretical de- sers." Opt. and Quantum Elec. 19. S 1-S36
tection limit of 38 photons per bit in an ASK (1987).
direct detection receiver with an optical ampli- 3. W.F. Sharfin and M. Dagenais, "High Con-
fier 181. Here, at the signal power level of 5,000 trast 1.3 pm Optical AND Gate with Gain,"
photons per bit, the device can switch, the data Appl. Phys. Lett. 4M, 1510 (1986).
canbe recoveredinsynchronismwiththe clock. 4. . Kwaguchi and H. Tani, "Optical Bista-
and logic functions can be performed. bility Using a Fabry-Perot Amplifier with

The wavelengths of the two source lasers Two Holding Beams," Optics Lett. 12. 513
used in the experiments are about 6 mode spac- (1987).
ings apart. One is 3 mode spacings away from 5. R.P. Webb, "Error-rate Measurement on an
the maximum Fabry-Perot resonance of the All-optical Regenerated Signal," Opt. and
bistable diode laser amplifier to the long wave- Quantum Elec. 12 (1987).
length side, the other is 3 mode spacings away 6. M. Dagenas and W.F. Sharfln. "Bistable
from the maximum to the short wavelength Diode LaserAmplifiers in High Performance
side. In practice, the two source lasers can bc Optical Communication and Optical Coin-
tuned close to any two Fabry-Perot resonances puting Systems," in SPIE. vol. 881. Optical
as long as they are not too far away from the Computing and Nonlinear Materials. p80
maximum peak. It is noticed that the optical (1988).
detuning of the data beamp to have maximum 7. Zeqi Pan. Hongchin Lin and M. Dagenais.
sensitivity was about 0.1 A. which is about the "Switching Fower Dependence on Detuning
minimum detuning for the bistable amplifier to and Current in Bistable Diode Laser Ampli-
show nonlinearities. This can be easily under- fier s." Appl. Phys. Lett. ,. No.7, 687(1991).
stood because the power in the clock beam was 8. P.E. Green and R. Ramaswami, "Direct De-
just below the value at which it can switch the tection Lightwave Systems: Why Pay More?,"
amplifier by itself at the particular clock IEEE LCS 1, p.36, nov. 1990.
detuning, namely, 0.35A in this case. It should
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ABSTRACT not affect the input to the HPT). The devices are ideal for
high-density, 2-D arrays which convert images from one

We describe a new class of optical logic devices which wavelength to another or from incoherent to coherent light.
consist of integrated phototransistors and surface-emitting The CELL also has an important advantage over photo-
lasers. The devices function as optical neurons having high thyristors devices; whereas these devices are latching and
gain and, as arrays, are ideal for neural networks, parallel need to be reset electrically, the CELL does not. Each
optical signal processing and optical computing applica- CELL acts as an independent thresholding optical amplif-
tions. ier. Ultimately our goal is to monolithically integrate the

HPT with the VCSEL (see Fig. 1) and then fabricate them
into 2-D arrays. Since both the input and output images are

Here we describe our efforts to build an ideal optical directed perpendicular to the arrays, CELLs will be useful
switch based on the monolithic integration of a heterojunc- for parallel signal processing, multichannel interconnec-
tion phototransistor (HPT) with a vertical-cavity surface- tions, neural networks and visual displays. CELLs can also
emitting laser (VCSEL) diode. To date we have demon- be configured as latching devices, in which case they would
strated high optical gain (> 20 overall, > 200 differential) function as image memories capable of capturing and stor-
with the discrete components connected in series. Our dev- ing a 2-D image until the array is reset.
ices are ideally suited for parallel optical signal processing In order to achieve a high-gain optical device that is
which is currently regarded as the most promising research cascadable and insensitive to feedback, we use the light
area for achieving significant increases in computational actuated current switching capability of a high-gain
throughput relative to purely electronic based information AIGaAs/GaAs HPT and a low-threshold, high-power
processing. Parallel optical processing has been severely AIGaAs/GaAs VCSEL. The n-p-n HPT, grown by MBE,
hampered by the lack of several basic "building block" dev- consists of a wide-band-gap (AI. 3 Ga0 .66As) emitter and
ices such as optical switching devices that exhibit low- narrow-band-gap (GaAs) base and collector regions. The
switching energy, high optical gain (fan-out capability) and wide-band-gap emitter inhibits the base-to-emitter hole
high contrast. Devices should be: easy to fabricate (use of injection current and significantly increases the HPT gain.
self-aligned VLSI technology), microscopic in size, and We electrically isolated the HPTs using shallow proton imp-
readily integrable with other optoelectronic components lants. We employ a bi-layer structure consisting of a layer
without being adversely affected by external optical feed- of electroplated gold covering a layer of photoresist as an
back. ion blocking mask and also as a mask to form self-aligned

Our basic "unit cell", which we call a surfaCe-Emitting electrical contacts. The input clear apertures of the HPTs
Laser Logic (CELL) device, consists of two components, a are 15 um and the implant mask diameters are 50 pm. The
photodetector with electrical gain and a low-threshold phototransistor common-emitter, floating-base characteris-
VCSEL. While each of these components has been demon- tic exhibits 10 mA photogenerated current for 120 pW of
strated in prior work [1-21, we describe properly scaled, in- absorbed light power (176 uW incident) at 800 nm. We
tegrable, proton implanted, optimized versions of HPT and measured the frequency response of the implanted HPT
VCSEL components and hybrid operation of the pair. In using a sync-pumped dye laser and found it to be
the basic operation of the device, incident light generates > 200 MHz (limited by the bandwidth of the measurement
photocurrent in the detector element which is internally system). The MBE grown VCSELs consist of a 19 period
amplified and then used to drive the laser element above p-type distributed Bragg reflector (DBR), a four quantum-
threshold. This optical-electrical-optical conversion is the well (100 A) active region and a 27.5 period n-type DBR.
basis upon which the device achieves insensitivity to exter- We electrically isolated the VCSELs in a manner similar to
nal optical feedback (optical feedback to the VCSEL will that used for the HPTs by using deep-proton implants [2]

SNL research is supported by DOE conm ct No. DE-ACO4-76DP00789.
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Figure 1. Illustration of a surfaCe-Emitting Laser Logic , hVin
(CELL) device in one of its possible configurations.

with 15-pm-diameter implant masks and self-aligned con-
tacts. Implants result in funneling of the injected current
into the VCSEL diode. The CW room-temperature laser b)
diode L-I characteristic exhibits 2.5 mW laser-light output Vo
power at 850 nm for 10-mA injection current.

In Fig. 2 we show the calculated energy diagram of a
CELL and the equivalent circuit of the integrated structure. p
Rn and Rp refer to the series resistance of the n-type and
p-type mirrors, respectively. Rp dominates the series res-
istance of the VCSEL resulting in non-ideal laser diode ' SEL
behavior. The large R is due to voltage spikes at the hv out
AIAs/AIGaAs valence-gand interfaces arising from equili-
brium charge transfer which are apparent in the energy Rn
diagragi shown in Fig. 2a. In practice we incorporate
-100-A-thick Alo0 s5 Gao.42As steps at each interface of the
p-type DBR to reduce this resistance to a level on the
order of the n-type mirror. hv HPT

In Fig. 3 we show the VCSEL diode output power as a in
function of the input power to the HPT for the pair con- iI
nected in series as shown in Fig. 2b with an 8.0 V bias. The
CELL has both high overall optical gain (> 20 at peak) and
high differential optical gain (> 200 at peak). The threshold Figure 2. a) Calculated energy diagram of the integrated
switching power for the device is 40 pW input power and CELL (The diagram in a) is to scale with the exception
unity gain occurs at 75 pW input power. The output power that the 4-QW active region is expanded five times), and b)
from the CELL saturated at 2800 pW for input powers gre- equivalent circuit of the optical neuron. Rn(p) - resistance
ater than 140 pW. The on (above threshold)/off (below of n(p)-mirror, V. ,, bias voltage. Only the lowest-energy
threshold) contrast of the CELL is 2780, (40 uW input pro- conduction band is shown, i.e. the r-valley is shown for
duced 0.9 pW output and 120 pW input produced 2500 pW the GaAs layers while the X-band is shown for the AlAs
output). We have also converted 680-870 nm input light to layers.
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850-870 nm converts longer wavelengths to shorter). Incre- amplification devices. To date we have demonstrated high
asing the Al composition in the emitter and using InGaAs optical gain using discrete components connected in series.
in the collector, base and quantum-well regions of the We are presently fabricating 2-D arrays of devices in
VCSEL, the wavelength conversion range can be signifi- which the HPT and VCSEL diode are monolithically inte-
cantly expanded. We also demonstrated cascadability of the grated. A natural application for these arrays are neural
devices by using optical feedback. A fraction of the networks. Using a holographic optical element, one can
VCSEL output power at 850 nm was directed onto the HPT realize a global configuration of an optical neural network
and then the 800-nm input to the HPT was removed at in which CELLs perform optical neuron functions. Another
which point we observed latching of the CELL. property of the CELL worth exploring is the intermediate

connection between the VCSEL and HPT. This internal

3000 1 connection provides us with additional flexibility in choos-
ing the nature of the input and output optical signals. For
example, CELLs can be configured as latching devices by

2500 I allowing optical feedback via the high reflector at the
HPT-VCSEL interface, in which case, as arrays, they

4would function as image memories capable of capturing
:2000 -and storing images. These devices can perform Boolean

4 algebraic functions such as AND, OR using two beam

1500-combinations or as XOR by combining CELLS and HPfs.
1500 "The slope of the output versus input curve can be modified

0 to be either binary-like for digital functions or sigmoidal-
L0 00 like for neural functions (the curve shown in Fig. 3 is

. 1000 *nearly sigmoidal and as such suitable for neural-network

functions). As a final example, NxN out-of-plane arrays of

0 5f00 LJ-... .J individually addressable Wannier-Stark modulators [3] may
* 8333 8689 be used to control inputs to arrays of CELLs (the input in-

wavelength (A) tensity for the HPT is below the excitonic saturation inten-
sity of the Wannier-Stark modulators).
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Abstract in a QW waveguide. This paper describes the first

In a parabolic quantum well, the shift in the opti- polarization-independent waveguide switch utilizing
cal transition energy due to the quantum confined QWs.
Stark effect is independent of the carrier effective
mass. This fact enables us to realize polarization-
independent waveguide optical switches. An
absorption-type switch with GaAs/AI0.3Ga0.7 As
equivalent parabolic quantum wells is fabricated
with molecular beam epitaxy. Both transverse- 2 Numerical Analysis
electric and transverse-magnetic mode lights exhibit
an on/off ratio of 10dB at an applied voltage of 3.5V Recently, besides QWs with rectangular potential
at 844nm wavelength. To our knowledge, this is shape, several kinds of QWs with modified poten-
the first polarization-independent waveguide optical tial shapes have been studied both theoretically and
switch based on the electric-field-induced effect in the experimentally 151-1131.
semiconductor quantum well. In the rectangular potential QW(RQW), the en-

ergy shift of the ground state due to the QCSE is
proportional to the effective mass of the particle and

1 Introduction that is expressed as

Carrier confinement in semicon ctor quantum AE= - _-1 
2

weUs(QWs) results in extremely large exciton bind- 24 ( /

ing energy and oscillator strength when compared Here, F is the electric field applied, L, is the well
with those of bulk crystals. Under an electric field thickness, and barrier height is assumed to be infinite
applied perpendicular to the QW layer, the energy for simplicity. On the other hand, the energy shift
of the fundamental absorption edge shifts by a large AE in the parabolic potential QW(PQW) 18-1131 is
amor.nt Vithout severe line broadening of the exci- given by
ton "esonance. This well-known quantum-confined e2F 2 L 2

Stark effect(QCSE) enables one to utilize QWs for AE =
high-speed low-voltage optical waveguide modula- 16 V0
tors. Polarization-independent waveguide optical where Vo is the potential height difference between
switches are very important in photonic switching the potential at z = +L,/2 and that at z = 0, and
networks. Polarization-independent semiconductor barrier height is approximated to be infinite[141. In
waveguide switches based on the injected carrier the PQW, the energy shift is independent of the par-
effect 11,21, or the linear electrooptic effect [3,41, tide effective mass, and therefore, the energy shift of
have been reported. However, no attempt has been the 1 electron-1 heavy hole (le-lhh) exciton is equal
made to realize polarization-independent switching to that of the I electron-I light hole (le-lih) exci-

ton. This effective mass independence of the ex-
*pWejM addras: Furukawa Elect&Company, LAd. citonic transition energy shifts is a unique feature
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of the PQW. Only transitions associated with light
holes can interact with transverse magnetic(TM)
mode light in a QW waveguide, while transitions 1.50
involving both heavy and light holes interact with
transverse electric(TE) mode light. Therefore in the 1.49 1 e-2hh
RQW which is usually used, TM mode light can- 57 1.48
not be modulated sufficiently as compared with TE 4
mode light. We have calculated the absorption co- >, 1.47
efficient in both RQW and PQW, considering the
le-lhh, le-llh and le-2hh transitions. Both free a 1.46
carrier and the excitonic transitions are considered. tw 1.45 1e-11h
We compared the calculated absorption spectra in
the PQW and RQW, and have predicted that the 1.44
TE-TM polarization-independent optical switching
based on the above effect will become possible in 0 20 40 60 80 100
a PQW waveguide under a reasonably low applied
electric field[14]. Electric Field F [kV/cm]

72ML

AI0,Ga,,As

GaAs
Figure 2: The field dependence of the energy of the
excitonic transition at room temperature calculated
for the equivalent PQW, shown in Fig.1.

(ML:monolayer " 2.83A thick)

Figure 1: Schematic of the equivalent PQW struc- that this equivalent structure has the unique prop-
ture employed. Superlattice layer thicknesses are erty of the PQW, in which the energy shift of the

2ML,8ML,6ML,3ML,lOML,1ML,12ML,1ML,10ML, excitonic absorption peak is independent of the par-

3ML,6ML,8ML and 2ML, respectively. This set is ticle mass. Figure 3 indicates the shift of the ex-
citonic transition energies against the applied field

sandwiched by 50A thick Al.Gao.7M barriers. obtained from the results of absorption current mea-
surement at 80K. It can be seen that the energy shifts

For the fabrication of the PQW structure, the of the RQW [GaAs(125A)/A1o 3Gao.TAs(57A) are
Al composition in the AIGaAs layer must be varied different in magnitude from each other. On the other
parabolically. However, it is very difficult and almost hand, in the PQW, the energy shift of le-lhh, le-llh
impossible in the growth with molecular beam epi- and le-2hh are almost identical. This result verifies
taxy to fabricate a PQW, espec;ally multiple PQWs the properties predicted for the PQW that the energy
with good uniformity, by gradually changing the shifts of the excitonic transitions are independent of
material composition. In order to mimic a tru- the effective mass of the particle involved.
ely parabolic QW, we employ an equivalent PQW Figure 4 shows the calculated absorption coeffi-
structure composed of GaAs/Al0.3 Gao.,As as shown cient of the equivalent PQW as a function of applied
in Fig.l, which is designed according to a general field with the wavelength as a parameter. The wave-
method described in Ref.[131. The A10. 3Ga4.-As lay- lengths are chosen so as to be placed where the ab-
ers of thickness [(N-0.5)/IOj.L,/20 were placed at sorption is small at zero field and increases remark-
a distance (N-0.5)L,/20 from the well center and ably with the field especially for the TM mode. At
the remaining material was GaAs. Here, we chose a wavelength A of 848nm, the absorption coefficients
L, = 200A and N=3. are almost identical at the field about 75kV/cm, but

We have confirmed numerically and experimen- the absorption for TE mode at zero field is large.
tally the enefgy shifts of le-lhh, le-llh and le-2hh At A of 850nm, absorption coefficients for both TE
transitions are almost equaA in the equivalent PQW, and TM mode lights are almost zero at zero field,
as shown in Fig.3 1141. Figure 2 shows calculated and then meet again at 6xl02 cm-

1 with an ap-
results of the electric field dependence of the exci- plied electric field of 90kV/cm. This means that
tonic transition energies at room temperature in the if we change the applied field from 0 to 90kV/cm,
equivalent PQW shown in Fig.I, obtained with a we will be able to obtain a polarization-independent
variational method. It can be clearly seen the en- absorption-type waveguide optical switch-with high
ergy shift is almost independent of the effective mass on/off ratio. A similar switch can be obtained at
of the particle. From this result, it is confirmed A=852nm.
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3 Experimental Result
ole-lhh ole-Ilh sle-2hh

1.60....... 0- The sample structure fabricated with molecular
1.POW 1.58 beam epitaxy is a p-i-n diode with an intrinsic wave-

51" ...... ofL.. .1.570 guide layer embedded between p and n clad lay-
41.58 Ooc0 J 0 - 1.56 -G.** ers grown on an n-GaAs (100) substrate. The"P1.57 00.P''.L 133r'.E1.56T --. 0 . 1.55 planar waveguide layer consists of 17 periods of

r 1.55 undoped equivalent PQW wells fabricated as the
•W a • -0. O  1.54 ' GaAs/Ao.3 Gao.,As superlattice structure as de-

1.54 so. 1.53 m scribed in the previous section, each separated by
S1.53 0 0 0 O 1.52 undoped 50A AI 0.3 Gao.TAs barrier layers. The thick-

01.52 ore T0 anaMmds2 00 0 0 1.51 D ness of waveguide layer is 0.428/m, and it supports
1.52 0 Isonly the lowest order TE and TM modes.

5 OAn Ar-laser pumped tunable Ti-sapphire laser was1.51 ROW 0 employed as the light source. After polarizing the

1.500 1020304050607'0809'0100 light into TE or TM mode, it was focused on to the
Electric Field (kV/cmj entrance facet of the cleaved sample with a lOOx

microscope objective. The outgoing light was mon-
itored on either a video camera or an optical power
meter, after magniffication through a 20x micro-
scope objective.

Figure 5 shows the experimental result. At 3.5V
Figure 3: Applied field dependence of excitonic tran- reverse bias (at 110kV/cm field), the on/off ratio for
sition energies at 80K obtained from measured ab- TE mode is equal to that for TM mode and both

are about 10dB. Therefore, polarization-independent
sorption current spectra, and numerical calculation switching with an on/off ratio of 10dB has been
(dotted curves). achieved with a switching voltage of 3.5V at a wave-

length of 844nm.

OTE Mode OTM Mode
- TE Mode ....... TM Mode 01 OI

...... .....- ~84n

0
:850

0 2 40 60 0 10-

.~6 0a-

0 848(nm) C

3 0(D -2

~ : if852
a . .cc

0 20 40 60 80 100-3
Electric Field (kV/cmlJ-3

0 1 2 3 4 5
Applied Voltage [V]

Figure 4: Calculated absorption coefficient vs. ap- Figure 5: Measured modulation characteristics of the
plied field at several wavelengths in the equivalent PQW absorption type waveguide optical switch with
PQW shown in Fig.l. length of 448pm, at a wavelength of 844nm.
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Between 2.5V and 5V, there exists a peak in the
TE mode output. This characteristic is similarly
seen in the calculated curves for the TE mode shown
in Fig.4. We explain this phenomenon as follows:
When the reverse bias voltage increases from zero, 0 TE Mode 03 TM Mode
the absorption coefficient increases as the le-lhh ex-
citon peak shifts over, decreases when the peak has 0331
left, and then rises again with the approach of the
le-llh exciton peak. For this reason, the absorp- R
tion coefficient of TE mode light displays an initial
overshoot which meets a monotonous rise of the ab- -1o

0 -0sorption coefficient of TM mode light, giving polar- _ n
ization independent optical switching. This is easily
achieved with the PQW because the light hole energy CL

shift is enhanced.
In this experiment a polarization-independent >) -20

on/off ratio of about 10dB was obtained. However, 2!
some of better experimental results upon more re- X=860nm
fined arrangements have just been obtained, and will cc TE 26.7dB
be published elsewhere. TM 23.9dB

We have fabricated also a similar p-i-n diode sam- -30 1 1

pie with GaAs/Al0.3 GaO.7 As RQWs waveguide layer, 0 1 2 3 4 5 6 7
and have confirmed that, at wavelengths where the Applied Voltage [VI
insertion loss at OV reverse voltage for TE mode is
almost equal to that for TM mode, we can modulate (a)
the TE mode light but scarcely the TM mode light.
At a wavelength of 860nm, as shown in Fig.3(a),
the insertion loss at OV for TE mode is measured
as 26.6dB, and that for TM mode is 23.9dB. It is 0TE Mode 3TM Mode
clear that TM mode light is hardly modulated. At
a much longer wavelength of 862nm, as shown in 0 w N9...
Fig.3(b), the insertion loss at OV for TE mode is re-
duced to 24.5dB, and that for TM mode is 23.6dB, R
and both are nearly equal. Still TE mode light
is modulated, but TM mode light is hardly mod- (-

ulated. These results confirm that we can achieve 10
polarization-independent optical switching with the
PQW, but not with the RQW. ".

5
0
a -20

X =862nm

a: TE 24.5dB4 Conclusion TM 23.6dB
-30

We have fabricated a GaAs/Al. 3 Gao.7 As wave- 0 1 2 3 4 5 6 7
guide optical switch with equivalent parabolic quan- Applied Voltage [V]
tum wells by using molecular beam epitaxy. Both
TE and TM mode lights exhibit an on/off ratio (b)
of 10dB at a common reverse voltage of 3.5V at
844nm wavelength. To our knowledge, this is the first
polarization-independent waveguide optical switch Figure 6: Measured modulation characteristics of the
based on the electric-field-induced effect in the semi- RQW absorption-type waveguide optical switch with
conductor quantum well. length of 4 5 7 am for (a) A=860nm, (b) A=862nm.
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ABSTlICT:

Spatial switching and wavelength of 2 GHz, wide range tunability
of 23 nm and high AM and FM bandwidth of > 3 GHz is demonstrated
with a new integrated interferometric injection laser.

Introduction: For photonic switching Device structure: The schematic
there is a growing interest in III/V structure of the YCCL is given in
semiconductor based functions. Such fig. 1. The device was made in a two
components offer the capability of stage epitaxy process by LPE and
optical and electrical integration MOVPE, more details are reported in
with other semiconductor devices /2/. The lateral carrier and photon
even under low cost aspects. Based confinement is achieved by a planar
on interferometric principles /1/ we buried heterostructure process with
have developed a new InGaAsP/InP semi insulating InP blocking layers
device with a wide range electronic (SIBH structure). This structure of-
tunability of 23 nm: the Y-coupled fers excellent high speed capability
cavity integratsd interferometric due to low parasitic capacitance.
injection (YCC-I ) laser /2-4/. For ,
optical switching applications we (D
consider this all active Y-shaped
waveguide as a basic structure.
In this paper we present single mode G
wavelength tuning and wavelength
switching of the interferometric 0
YCCL. The capability for spatial
switching is provided by operating
the device as an absorption/ampli-
fier switch below'laser threshold. Sio2

To demonstrate the high speed S -
features of the device we report on n- InP substrate P - P coirwrhltn- InP subactive

Am and FM as well as wavelength n --. P.ue
switching results in the GHz regime. Fig. 1: YCCL structure
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Principle of Operation: The YCCL is
electrically segmented in four SPE T18U 72e79'?Y1 NEIt
sections which can be addressed .... ...... . .....
independently. Since all sections .... ........
operate as active waveguides, ad-
ditional losses from the curved
waveguides and the Y-coupler can be
compensated.

The interferometric laser operation
is achieved due to the Y-coupling of
the Fabry-Perot (FP) sub-cavities
1-2-3 and 1-2-4 between the cleaved _

facets 1 and 2 (see fig. 2). 1285.0 1310.On& 1335.8
Different optical path lengths in
the sub-cavities are adjusted by
variation of the carrier densities. Fig. 3: Linear plot od 12 super-
Such a compound resonator meets the imposed single mode emission spectra
requirements of single mode opera- (channels) with a 2 nm wavelength
tion and tunability /1/. spacing.

Wavelet Tuning: Minimum total
threshold current of 8 1.2 m long
device is 145 mA at 25 C and maximu AN and PH Characteristics: To deter-
output power exceeds 5 Wf. Wave- mine the high speed characteristics,
length tuning is demonstrated for a an amplitude modulation signal was
1300 rn device. Making use of the superimposed to DC-current I. High
extremely wide tuning range, 12 optical 3dB cut-off frequencies
wavelength channels with spacing of above 3 GHz were obtained. Results
2 nm were arbitrarily defined (fig. of AM response and corresponding op-
3) by applying appropriate currents. tical spectra are plotted in fig. 4.
Side mode suppression up to 25 dB is
obtained in the centre of the tuning The FM response was measured with a
range. These results demonstrate the scanning Fabry-Perot interferometer
capability of the device for appli- up to 2.8 GHz resulting in 330
cations in WDM systems. MHz/mA efficiency.

121 Wavelength St!hiq: Switching
between two interferometric modes

4 was realized by superimposing of 30
mA square wave modulation (NRZ) on
section 3 resulting in a shift of
the FP spectra of 1-2-3 with respect
to 1-2-4 (see fig. 2). Fig. 5 indi-
cates the two corresponding interfe-
rometric laser-modes under switching
operation. The wavelength switching

Fig. 2: Electrical segmentation could be realized up to 2 GHz.
scheme of the YCCL
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Spatial SwitchIng: To perform spa- near-field pattern are given in fig.
tial switching with the YCCL, the 6. The achieved extinction ratio
device is operated below lasing between optical on and off state
threshold to achieve optical trans- exceeds 20 dB.
parency only. As shown in fig. 6
light is injected into facet 1, and
segments 3 and 4 are addressed as
absorption modulators to switch the
injected light to the output ports A
and B at facet 2. The optical output Conclusions: With a new integrated
signal was monitored with an infra- interferometric injection laser in a
red Vidicon camera. The measured Y configuration, lasing and swit-

ching features were demonstrated.
__ Ultra wide tunability of 23 nm wasP .4 achieved. Wavelength switching bet-

-.569926 dO ween interferometric modes up to 2GHz and a modulation speed (AM and
A MAR <ER 2-1 FM) exceeding 3GHz was obtained.

S 86 -81 --z Taking advantage of light splitting

10 and amplification by the all active

- - 12 Y configuration, the basic device
structure offers spatial switching

- as well. By cascading such all ac-
tive power splitters the realization
of fast matrix switching arrays ap-
pears feasible.

START 0 045600 GHz
STOP S6ooeee G14

SPECTRUM UTL MEM2

SPECTRUM 72078/7Y 5 5. 8-- --......... ....

! .. . .. ..... .. ......... . ......... 4......."-............ i ............ ............. ............. -........ .....
---- .... 10 12 -- J-----

. ... .... ..... .... .-... ......... ; . .... . . .. ....... . . ... .. .. . . . ... . . ...... ? ......; ....... .. .............S! .................. .... .. ... .... ..... .. ... ...... .....
: . ...... ... . . . ....... ....... ... ..

2 .$ .............' ......... "; . .. .. ..i. ... ..... .., ........... • ........... ........ ... ..

- 4..... ................. ...
4 ,

......... . . .. . . ;. ..... ,. ... . .;..... ............... . ......... ... ,, ............ . ............ . ....... .

56 13e6.8 1316.8ne 1326.8

1311.7 1321. 7nm 1331.7

Fig. 4 Am small signal response Fig. 5: Wavelength switching between
(trace 10 and 12) and corresponding 2 single mode channels with 2 GHz.
optical single mode spectra of chan- For higher frequencies the switched
nel 10 and 12. mode (lower wavelength) disappears.
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Abstract

Two GaAs etalons, each having a 30 ns reco-
very time. were connected in series, defining
a logic function with a fast turn-on/turn-off
time. Applications to routing, multiplexing.
data generation and bit permutation are dis-
cussed.

Introduction
Figure 1. Bulk GaAs nonlinear etalon switch

Semiconductor nonlinear Fabry-Perot etalons and recovery.
are promising devices for performing optical
logic and switching operations in systems in An architectural approach to decreased
which operational speed, throughput and in- cycle time is possible. Two devices may be
terconnectivity are critical. An important connected in series, one performing a logic
characteristic of a logic or switching device operation with a fast turn-on and the other
is the number of operations it can perform in acting as a fast disable switch (6). The moti-
a given time. This figure is limited by both vation for this approach, slow carrier recom-
the device turn-on time [al ps for GaAs bination, and the method used, turn-on/dis-
nonlinear etalons (1)] and the turn-off time. able. are similar to those seen in some photo-

Nonlinear etalon recovery times range from conductive switching (7). For example, both
30 ns in bulk GaAs devices (Fig. I), to 3 ns in devices may originally be in a reflective state
multiple-quantum-well samples, to 30 ps in [Fig. 2(a)]. A probe beam is transmitted
very thin, 0.135 #im and 0.3 jim, "window- through the first gate only after the gate has
less" samples (with high switching energy) been switched [Fig. 2(b)], and the probe is
and 30 ps in small diameter (< 0.5 /im) micro- routed to the output only until the second
resonators (2,3,4). Therefore, to our knowl- device is switched [Fig. 2(c)]. If the probe
edge, the fastest acceptable cycle time demon- beam contains data, high-speed routing and
strated in nonlinear etalons has been 30 to 70 logic operations may be performed. After a
ps (5). Further reduction of these recovery segment of data has been routed to an output.
times will be limited by switching energy and succeeding data may pass through the etalon
the ability to focus to a small spot size. pair to another pair for processing.

259



260 Photonic Switching

(a) R Experiment Results

An etalon pair defining a fast turn-on/turn-
off operation was constructed. The devices

PBS F/P were grown by molecular beam epitaxy
(MBE) and have a GaAs spacer and inte-

R grated mirrors made of W/4 stacks of AlAs
and GaAs. Individually, the etalons exhi-
bited a fast turn-on (detector limited response
is seen in Figure 3) and recovered in 30 ns.

F/P A slight variance in the spacer thickness
across a sample allows selection of the Fabry-
Perot transmission-peak wavelength. Thus

(b) T device operation (ON. OFF) is configurable
/using the probe wavelength and the input[J Nspot location.

F/P

(a)

F/P OUTPUT

(C) T

((b)

F/P

F/P

Figure 2. States of the device pair are deter-
mined by the states of the individual devices: Figure 3. Single GaAs etalon (a) ON and (b)
(a) before operation, (b) during operation, and OFF operations (200 ps/division).
(c) after operation.

Two experiments were performed. In the
first, a 50 ns probe pulse was used to repre-

Device pairs may be linked to perform multi- sent a lengthy packet of input data pulses.
plexing. demultiplexingr self routing, bit per- The detector response time is 200 ps. The
mutation, and logic operations. pump laser was tuned to 830 nm in order to

be absorbed by the etalon spacer, and the
probe wavelength was 880 nm.

Two etalo..s were connected in series as in
Figure 2. and the output is seen in Figure 4.
The signal contrast is --4:1. Figure 4(b)
shows the result of adding a delay of 2300 ps
before cutoff, defining a longer extraction
period.
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(a)
(a)

(b) (b)

Figure 4. Device pair operation with (a) no Figure 6. The probe pulse was split into a
and (b) a300 ps delay (200 ps/division), doublet seperated by 40 ps (100 ps/div.). (a)

The detector limited response to the first 10
In the second experiment, the pump and ps pulse is shown, second pulse blocked. (b)

probe pulses were a10 ps full width/half The second pulse is shown, first blocked.
maximum, 825 nm and 877 nm respectively,
and were produced with a frequency-doubled At the begining of the experiment both
Nd:YAG laser synchronously pumping two etalons were in a reflective state. Then the
dye lasers (LDS 821). The experimental set- On-pulse switched the first etalon, allowing
up for Figure 2 is seen in Figure 5; a the probes to pass through. Probe-I was ref-
split/delay/recombine technique was used to lected by the second etalon to the output.
split the probe pulse into a pulse doublet, Then the OFF-pulse switched the second
probe-I and probe-2, separated by 40 ps. etalon, routing probe-2 away from the
The response time of the detector is 90 ps; output. Schematically the experiment timing
therefore, probes I and 2 were viewed separ- (Figure 7) is that the extraction operation was
ately by blocking one leg of the turned on just before probe-I went through
split/delay/recombine section (Figure 6). The the etalon pair and turned off just after-
pump pulse was split into an ON and an wards. Similarly probe-2 was extracted by
OFF pulse, also separated by 40 ps, which delaying the ON and OFF pulses by 40 ps.
went to the first and second etalons respec- Results are seen in Figure 8. Some triggering
tively. jitter is seen in Fig. 8(b), but the identities of

probes I and 2 are known by the probe-pulse
PUMP blocking procedure mentioned above.
lOps 82 nm 4,

A 1k:- -- -__- _- _--t INPUT OUTPUT

y F/P F/P

DOUBLET PROBE f f\ A\
AF

P~ROBE OUT P1 T PUyNpI I \
l0ps B7nm UI,-

Figure 5. Device pair experimental set-up
with pump (10 ps. 825 nm) and probe (10 ps. Figure 7. Timing scheme of the experiment
877 nrn). extracting probe-I.



262 Photonic Switching

packets. It should be noted that the probe
(a) beam follows the same exit path (Fig.2)

before turn-on and after disable; so the flow
of data through the etalon pair is perturbed
only during operation of the pair. A series
of etalon pairs may be used for demultiplex-
ing (or multiplexing) by having the first
etalon pair extract the first bit from the data
stream, and having succeeding data flow on
to the second pair where the second bit is

(b) extracted. etc. (figure 9).

HGFEDCBA

Figure 8. Results of the switching experi-
ment (100 ps per division). (a) Extracting the EA
first probe pulse: probe-I on the left (probe-
2 blocked) and probe-2 on the right. (b)
Extraction of the second probe pulse.

We calculated that the spacer region of

each etalon absorbed --24 pJ of pump energy
in the 10 #m spot, and that the etalon finesses 1z4B
were a7 and a9. Measuring the performance "" " B
of the individual devices, contrast increased
with greater switching energy and with gre-
ater delay between pump and probe; there-
fore. the contrast of the etalon pair was lim-
ited by available switching energy and poor
pump-pulse and probe-pulse shapes. Indivi-
dual device contrast greater than 6 has been ____C

reported using only 3 pJ of switching energy 1
(8). and switch-on time of a MQW etalon has
been reported to be I ps (1). Therefore,
cavity quality at Xprobe, mirror transmission
at Xpump, and pulse shape and duration, may Figure 9. A series of etalon pairs, each
be readily improved, increasing signal con- extracting a successive bit in turn, may per-
trast and allowing the extraction of time win- form time demultiplexing.
dows as short as a few picoseconds.

More generally, each etalon pair may
Applications extract any desired bit. A data stream may

be generated by extracting unwanted pulses
The on-state of the device pair (defined by from a continuous stream. Bit permutation
the timing of turn-on and disable pulses) may (e.g. ABCDEF... - BHCFED...) may be done
be very short, or it may be longer than the by having the first switch pair extract the B
device recovery time (by refreshing the state bit, the second extract H. etc. These bits are
of the first switch). This control over the used to switch a slow-recovery holding ele-
timing and duration of the state of a switch ment, and the elements are sampled in order
suggests interesting applications. The probe and the result multiplexed. Multiplexing,
beam may contain data, in which case rout- permutation and demultiplexing may be com-
ing may be performed by switching multi-bit bined to perform time multiplexed routing.
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In most demultiplexing or routing applica- switching elements may be decreased, low-
tions, a slow detector is used to determine the switching-energy high-speed devices such as
value of the bit of interest. If there are n nonlinear etalons will probably continue to
bits within the detector response time, bit have asymmetrical response times. Therefore.
energies Ex (bit to be extracted) and Ed (other this architectural approach that trades device
bits) and extractor signal contrast C, then the cycle time for system complexity and has
detected energy is Ed . CEx + El +...+ En-I. unique memory properties will have applica-
Comparing the two extreme cases, Ed(Ex-!; tion.
Ej-E2-...-0) > Ed(Ex"0; E-E 2=...-l) only if This research was supported by the Rome
n<(C+1). This condition limits n for abso- Air Development Center (F30602-89-C-0177),
lute-threshold determination of Ex. With NSF Lightwave Technology (EET-8808393),
C-2.2 (Fig. 8), n=3, and 3:1 demultiplexing and by the Optical Circuitry Cooperative.
may be done. For some applications (e.g.
final detection of a demultiplexed signal) References
differential or self-referenced determination
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Abstract INPUT

High gain and very sensitive photonic

switching device is developed by integrating
directly and vertically a hetero-junction
phototransistor and a laser diode. The HPT
device switches on with a very low input )
power of -lOnW and emits output power of
-4mW under continuous wave condition. The LD
minimum switching energy is estimated to be J
as low as 80J.

I.Introduction

Recently, there are increasing OUTPUT
interests in optical signal processing and
optical computing. In such fields, optical Figure 1. Schematic diagram of the photonic
functional devices which have various switching device.
functions such as photonic switching,
optical amplification, and optical
bistability are greatly demanded. Thus far, II, the device structure and the fabrication
we have p~oposed and developed the optical process are described. In Chapter III, the
functiona devices by integrating directly characteristics of the component parts of
and vertically a heterojunction the photonic switching device are described.
phototransistor (HPT) and a light-emitting In Chapter IV, switching characteristics are
diode (LED) [1-41. The device has been described. In Chapter V, the results
understood a kind of optoelectronic obtained are summarized.
integrated devices (OEID) rather than
optoelectronic integrated circuits (OEIC)
[4]. In the device, the output was the II.Device Structure and Fabrication
incoherent light and relatively low power,
since the output portion of the device was Figure I shows the schematic diagram of
an LED. Furthermore, the internal optical the integrated device fabricated in this
feedback was intentionally suppressed in work. The device is composed of an HPT and
order to obtain the linear relationship an LD with PBC (p-substrate buried crescent)
between input and output powers. configuration.[5] The crystal wafer for the

In this work, we have developed a very device was grown by three-step liquid-phase
sensitive and high gain photonic switching epitaxy (LPE). In the first step, the
device by integrating an HPT and a laser current blocking layers of p-lnP, n-InP, and
diode (LD) and by utilizing the internal p-InP were grown on a p-InP substrate.
optical feedback effectively. In Chapter Then, after the formation of the groove with
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Figure 3. Bias voltage-current character-
istics of HPT.I

0 50 spontaneous emission is emitted from the LD.

CURRENT (mA) From the measurement of the spontaneous
emission spectra, the laser emitted the
light with the wavelength from -1.2 to

Figure 2. Output light power-current -1.41m at the low current injection level.
characteristic of LD part. An example of the bias voltage-current

characteristics of the HPT part is shown in
Fig.3 where the input power is taken as a

2 Um width on the wafer, the layers of p-InP parameter. Since the measurement for the
cladding, undoped InGaAsP active HPT part only is difficult due to the
(Lg=1.33m), n-InP cladding, and n-InGaAsP feedback effect from the LD to the HPT, it
( L=1.2gm) were grown at the second LPE. was made for the HPT fabricated from the
By khese growth processes, we can obtain a wafer without the.LD. The wavelength of the
stripe geometry LD. The HPT composed of n- input light was 1.15gm. From Fig.3, it is
InP buffer, undoped n-InP collector, p- found that the conversion gain from light to
InGaAsP base ( 1=1 2Um), and n-InP emitter current is about 400 when the bias voltage
was grown at te third LPE. After the Vhb was 4V and the load resistance was 60Q.
growth, the AuGe/Ni/Au mesh electrode was It is found that the conversion gain depends
deposited on the epilayer side and the on the bias voltage. This is due to the
AuZn/Au electrode was deposited on the back early effect caused by the low doping
(substrate) side, followed by sintering them concentration in the base layer and due to
in H2 atmosphere. Then, the wafer was the avalanche multiplication effect caused
cleaved and bonded on the Ag heat gink, and by the high field in the region of high bias
the device dimension was 250x300 m. voltage. The bias voltage dependence of the

conversion gain affects the operation of the
photonic switching device as described

III.Characteristics of component parts of later. From the measurement of the spectral
photonic switching device response, it was found that the HPT can

response even to the wavelength of
Figure 2 shows the output light power 1.2-1.3um although the responsibility

-current characteristic of the LD part. becomes very weak. Since the LD emits the
The LD was operated in continuous wave spontaneous emission from 1.2 to 1.3um, the
condition at room temperature, and the weak feedback occurs from the LD to the HPT.
threshold current I was 30mA. The
differential quantum eflficiency for one
facet was 23.6%. From the near- and the IV. Photonic switching characteristics
far-field patterns, it oscillated in a
stable single transverse mode. The The optical feedback is positive and it
oscillation wavelength was about 1.30,m at functions to increase the current through
I=1.0 6 1 th. For the photonic switching the device. The positive feedback causes a
operation, the optical feedback from the LD negative differential characteristic to the
to the HPT at the low current injection output light power-bias voltage relation,
level (<<Ith) is very important, where only and thus the switching operation becomes
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Figure 4. Photonic switching characteristic.

Figure 5. Minimum switching power as a
possible. The switching characteristics function of bias voltage.
of the device is shown in Fig.4 where the
bias voltage is 4.01V and the load
resistance is 509. The device was switched the device, the effective gain G/(I-k G) is
on with very low input power of 56nW. It greatly increased by adjusting the bias
emitted large output power of -4mW and was voltage. In this situation, the very small
at the ON state in cw lasing condition at input Pin causes the relatively large
room temperature. The wavelengths of the increase of 1 and succeedingly the values of
input and output lights were 1.15,m and n and G are increased. Due to the positive
1.30Mm, respectively. Therefore, the feedback, the device turns to the ON state
optical gain, which is defined here by the with small input power. Figure 5 shows the
ratio of the output power to the input minimum input power required for switching
switching power, is as large as -Ix05. In on as a function of the bias voltage. As
the other device, the minimum switching can be seen from the figure, the switching
power of -10nW was achieved. The high gain power is greatly decreased with increasing
is due to the realization of the lasing the bias voltage.
oscillation and the effective utilization of The energy required for the switching
the optical feedback from the LD to the HPT. was measured by using optical pulse input.
The current flow under the internal optical The intensity of the input pulse was changed
feedback is expressed as follows: to the value with which the device was

switched to the ON state for the various
{q/(hv)in}GPin + Idark pulse width. The wavelength of the input

I = (1) pulse was 1.15um. Figure 6 shows the
1 - knG results obtained for the two photonic

switching devices. The minimum switching
where (hv)in and Pin are the photon energy energy is as small as 8OfJ. At present, the
and the optical power of the input light, device size is as large as 300x250um . The
respectively, G the conversion gain of the switching energy is consumed to charge up
HPT, n the internal quantum efficiency of the capacitance between the emitter and the
the LD under the LED mode, k the feedback base layers. Thus, the smaller switching
constant from the LD to the HPT, and 'dark energy can be further expected to reduce the
the dark current of the device without surface area of the HPT.
feedback. Since both n and G are dependent The detailed results on the photonic
on the bias voltage and the current flow of switching characteristics including
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100. 0 low as BOfJ and can be decreased by reducing
the surface area of HPT.

g 1 n 1 . 15gm
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Low-Power High.Gain Optoelectrolc Switch
.- Based on Quantum Stark Effect and Its Use in n
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S. Goswamni, W. Li, P. Bhattahaiya, and L. Singh-

Solid State Electronics Laboratory,
Department of Electrical Engineering and Computer Science,

University of Michigan, Ann Arbor, Michigan 48109-2122

ABSTRACT In order to make the SEED more compatible with
the optical power levels available in OEIC technology, it

A low optical power switching device is demonstrated by is important to have built-in electronic gain in the de-
using quantum Stark effect in a specially designed base- vice. Gain is also essential for larger tolerance in the
collector region of a heterojunction bipolar transistor, devices as well as large fan-out and cascadability. Such

gain can be realized by using an HBT with a MQW in
the base collector region6 ,7. This device provides a num-

I. INTRODUCTION Quantum Confined Stark Ef- ber of advantages. The vertical structure of the HBT
fect (QCSE)' 4 holds a great deal of promise for active facilitates the developement of a large potential across
switching devices controllable by light and/or electron- the base-collector region to cause QCSE. The base ter-
ics. This effect allows one to tailor the device response minal provides extra controllability for efficient optical
to such a great extent that at least in principle a number and electronic coupling. The entire structure for n+-p-

of powerful devices can be conceived and demonstrated. i(MQW)-n MQW-HBT and the p-i(MQW)-n modulator
The first demonstration of active logic devices based can be grown epitaxially in one step. It is conceivable

on QCSE was the self electro optic effect device (SEED), that the p-i-n structure could also form a laser which
where the optical(or the electronic) state of the device would be grown in the same planar growth. The struc-
could be altered by light intensity4 . A variation on the ture is therefore very compatible with OEIC applications.
SEED device was introduced by including an external A schematic of the integrated MQW-IBT is shown
transistor to amplify the photocurrent, so as to allow elec- in Fig 1. The MQW-HBT is shown in a circuit where
tronic gain in the device'. This allowed the use of low it is controlling a modulator. The heterostructures for
optical power consistent with semiconductor laser diode the controller-modulator is grown by us using MBE. The
technology. High gain was obtained at the University structure and the fabrication process are described else -
of Michigan by integrating a multiquantum well(MQW) where7 . The fabricated devices showed common-emitter
structure into the base-collector region of an HBT8 ,", thus current gain from 30 to 60. The high offset in VCE is due
producing a versatile device compatible with the HBT to the presence of heterostructure and MQW at the base-
technology, p-i-n modulator and laser technology. The collector region. A modulator device exhibits a very low
device can be switched by optical or electronic signals leakage current( a few pA at 8V). The device operating
and these features will be explored in this paper. Also a characteristics were measured by using an AIGaAs diode
better design understanding has now allowed us to have laser (A =853nm) and HP4145B semiconductor parame-
a very high gain in the device. ter analyzer.

Fig 2 shows the measured I-V charateristics for two
II. THE MQW-HBT CONTROLLER - MODU- different switching conditions. In the figures the load
LATOR The potential of the negative resistance region lines are also shown. Fig 2(a) shows the collector current-
of the I-V characteristics of a p-i(MQW)-n structure wac voltage for different values of optical power at zero base
realized by Miller et al' and used to develop the SEED. current,while Fig 2(b) shows the results for different base
Using a resistor in series with the p-i-n diode, the device currents at fixed optical power. Thus efficient switching
can be shown to have efficient switching behaviour, can be carried out by optical or electronic signals. The
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Figure 1 An MQW-HBT structure along with a p-i(MQW)-n modulator.
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Figure 2 Collector current versus collector-emitter voltage characteristic of the

MQW-HBT. (a)At IB = OpA, for different illumination levels. The
illumination(O) is indicated by the diode laser drive current in mA.(b)
For different base bias at constant illumination(O 27mA).
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important point to realize is the presence of amplification The temporal response of the device was also studied.
of photocurrent, which provides for higher sensitivity to The response time is primarily limited by the RC time
light and reduced load resistance. Another point is that constant of the bipolar, which is about 1 nsec.
the I-V curves can be shifted either by optical power or The device was also used to realize an optical logic
base bias. Also the non-linear gain characteristic of HBT gate. Fig 4(a) shows the circuit for NOR logic operation.
makes the negative differential resis- Two MQW-HBTs(C1,C2) and a modulator(Ml) axe con-
stronger than in the simple p-i-n structure. nected in parallel. The collector-emitter voltage(VcE) of

Fig 3 shows oscilloscope traces of MQW-HBT switch- the controllers drive the modulator.
ing. From this figure it is evident that a swing of 5 V is The input signals to the gate(A and B) are incident
acheived by a small change in the input optical power or on the two MQW-HBTs. The gate output(F) is from the
base bias. modulator. The modulator (Ml) modulates a constant

(a) (b)
Figure 3 Oscilloscope traces of switching of MQW-HBT.(a) With illumination

modulation between 4 = 32 and ib = 36 and IB = 0pA. (b) With base
bias modulation between 2.0jA and 1.0jA at 4 = 27.

VOptical Output F

(a) (b)

Figure 4 (a) The NOR gate circuit. A and B are inputs to the gate. F is the output
of the gate. (b) Oscilloscope traces for operation of the NOR gate. The
top trace( for F) is in 500mV scale, the rest of the traces are in 5V scale.
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intensity beam to generate F. Fig 4(b) shows the opera- 3. J . Singh, S-C . Hong, P . K . Bhattacharya, R . Sa-
tion of the circuit. The two traces at the bottom are the hai, C . Lastufka and H . R . Sobel, "System require-
inputs A and B . The trace just above it is for VCE. The ments and feasibility studies for optical modulators
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Dynamic Optical Grating for Laser Beam

Steering ApplicatiI

B. Pezeshild, R. Ap^c, S. L Lord, and J. S. Hanis, Jr.

Solid Swte Laborators, Stord Univety, Stanfor4 California 94305

ABSTRACT wavelengths [2]. By using quantum wells and
lithographically defining stripes on the wafer, we obtain

A linear grating fabricated with quantum well reflection control of the far field pattern in the optical regime.
modulators was demonstrated. Addressing each stripe Since the far field is a Fourier Transform of the spatial
individually allowed angular eontrol of the diffracted reflectivity of the device, we can steer a laser beam by
laser beam. imposing a pattern that oscillates spatially on the stripes.

The deflection angle of the modes being given simply
by the grating formula dsin(0)=n. Power efficiencies

INTRODUCTION and accurate beam profiles can be calculated from the
Huygens-Fresnel integral [3].

Devices for controlling the direction of an optical beam

or the spatial patterns of illumination produced by a DEVICE DESCRIPTION
laser have been very limited in the past, and confined
almost entirely to mechanical methods, such as galvanic To demonstrate this idea, we fabricated such a structure
mirrors. A method whereby this spatial control can be working in the reflection mode in the GaAs/AIGaAs
performed electronically with no moving parts will system. The reflective mode is preferred for two
allow much faster and more reliable control of optical reasons. Since in this material the substrate is opaque
beams. to the appropriate wavelength, constructing a

Spatial light modulators, devices in which optical transmissive device would require the removal of the
properties of the material are spatially controlled, have substrate. Furthermore, by working in the reflection
previously been very large compared to the wavelength mode, we can obtain higher contrast and lower loss due
of light, and have therefore been useless for obtaining to the interaction of the Fabry-Perot cavity with the
diffraction patterns. Recently, higher resolution SLMs quantum wells. The epitaxial growth of the material is
have been reported that allow interference properties to explained previously [4]. In brief, the material was
be exploited [1], however, their complex structure is grown on a n-type GaAs substrate using molecular
clearly a limitation to obtaining higher resolution. beam epitaxy (MBE). The mirrors composing the
Present semiconductor technology, however, allows the Fabry-Perot cavity consisted of 1/4 wave stacks of
use of quantum well devices to make much smaller AlAs and Al0.33Ga0.67As. The bottom mirror was n-
spatial light modulators where diffraction effects doped and had a calculated reflectivity of 98.8%, while
dominate. Since these devices are intrinsically very the top mirror was p-doped with a reflectivity of
fast, and can be made lithographically, they are useful 50.3%. The cavity contained 19 undoped quantum
in rapidly controlling far-field patterns of illumination wells. The total reflectivity of the device changed from
and obtaining beam steering through diffraction. These about 10% to 76% when a 5 volt bias was applied. The
devices can work in transmission mode, where the light reflectivity of the device as a function of wavelength for
passes directly through the quantum well region, or in various applied bias voltages is shown in Fig. 1. We
reflection mode, where external or integrated mirrors then used a wet etching technique to fabricate 15
are used to enhance reflectivity changes and contrast. stripes, each being 10 pn wide and with a 2 gm wide
In this work we demonstrate the possibility of laser gap. The stripes were individually contacted with an
beam control with a dynamic grating constructed of ohmic contact pattern around the edge of the wafer.
Fabry-Perot reflection modulators. Other dynamically Fig. 2 is a photograph of the fabricated device.
controlled gratings have been reported in the past, The device was tested using a tunable Ti:Sapphire
however, they operated at much longer microwave laser. The laser beam was tuned roughly to the Fabry-
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Perot mode of the device and focused down using a
single lens. W hen illuminating the de vice it is im portant Fi u e 3 In nst v r us a g e f r aio s tipto have a large enough spot size to illuminate as many Fiue .Innstvrusagefraiostip
of the stripes as possible without getting reflections configurations. "0" corresponds to low reflectivity and
from other parts of the wafer, such as the contact pads. 'I" to high reflectivity.

In this case the diffracted beam was deflected with a
small mirror onto an imaging lens and a silicon CCD
camera. The device was packaged and wire bonded to correspondingly reduced. The main reflected peak on
allow an external bias to be applied to the stripes. the left is due to the DC reflectivity value of the pattern,

and is the main power loss mechanism. In the second
plot (b) the pattern 1:0:1:0:1... causes a main peak to

EXPERIMENTAL RESULTS occur in the center of the range. The position of this
peak corresponds to the spatial frequency imposed on

The experimental results are displayed in Fig. 3. Next the stripes and is twice the stripe period (24 pm). In the
to each plot of intensity vs position, we have noted next three figures (c,d,e), we see this peak move to the
what pattern of reflectivity was imposed on the stripes. right as the spatial frequency decreases. Ile final plot
In the figure a "I" implies a reflective state, and a "a' (d) corresponds to all the elements in the off state, and
implies a non-reflective state. In the first plot, where all we see only the main reflective peak. The peak due to
the elements are in a reflective state, we see the main the mesas disappears in this plot since our off state
reflected peak to the left and a peak corresponding to reflectivity corresponds roughly to the reflectivity of the
spatial frequency of the isolation mesas to the right. mesa regions.
Since this peak is due to the reflectivity difference The optical characteristics of such a device are simple
between the mesas and the stripes, it occurs with to compute. Ile continuous scanning angle obtainable
differing intensity in almost all plots. Had the mesas from such a device corresponds to twice the grating
been smaller in size, this peak would be period. This is simply because the maximum
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spatial frequency that can be imposed on te stripes in, CONCLUSION
with the stripes alternately on and off, which defines an
imposed grating with period twice that of the stripes. We have demonstrated a novel beam steering technique,
Although this scanning angle is small in our using an electrically controlled dynamic optical grating.
demonstration (2 degrees), larger angles were also There appear to be no fundamental limitations to the
obtained from other patterns that used smaller stripes, fabrication of much higher performance devices that
However, the larger scanning angle made imaging onto have diverse applications.
the camera impossible. Simple optical lithography can
produce grating spacings on the order of 2 gm,
allowing an achievable scanning angle of 12 degrees.
Larger scanning angles can be obtained either through ACKNOWLEDGMENTS
more sophisticated lithography, such as holographic or
electron beam, or by using a higher order mode. This work was supported by ONR / DARPA through
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